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Abstract
This dissertation reports a variety of new methods and materials for the fabrication of
electronic devices. Particular emphasis is placed on low-cost, solution based methods for
flexible electronic device fabrication, and new substrates and molecules for molecular
electronic tunnel junctions.
Chapter 2 reports a low-cost, solution based method for depositing patterned metal
circuitry onto a variety of flexible polymer substrates. Microcontact printing an
aluminum (III) porphyrin complex activates selected areas of an oxidized polymer
substrate to electroless copper metallization.
Chapter 3 reports a new transparent conductive electrode for use in optoelectronic
devices. A highly conductive, transparent silver nanowire network is embedded at the
surface of an optical adhesive, which can be applied to a variety of rigid and flexible
polymer substrates.
Chapter 4 describes a new approach to the self-assembly of mesoscale components into
two-dimensional arrays. Unlike most previously reported self-assembly motifs, this
method is completely dry; eliminating solvent makes this method compatible with the
assembly of electronic components.
Chapter 5 describes a new class of self-assembled monolayer (SAM) on gold formed
from dihexadecyldithiophosphinic acid ((C16)2DTPA) adsorbate molecules. The binding
and structure (C16)2DTPA SAMs is dependent upon the roughness and morphology of the
underlying gold substrate.
Chapter 6 investigates the influence of chain length on the binding and structure of
dialkyl-DTPA SAMs on smooth, template-stripped (TS) gold. Binding of the DTPA head
group is independent of the length of the alkyl chain, while the structure of the organic
layer has a counter-intuitive dependence: As the length of the alkyl chain increases, these
SAMs become more disordered and liquid-like.
Chapter 7 describes the fabrication of ultra smooth gold substrates using chemical
mechanical polishing (CMP). These substrates are smooth, uniform, and prove to be ideal
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candidates for bottom electrodes within SAM-based molecular electronic tunnel
junctions.
Chapter 8 investigates the charge transport properties of new diphenyldithiophosphinic
acid (Ph2DTPA) SAMs on TS gold within metal-SAM//Ga2O3/EGaIn molecular tunnel
junctions. A computational investigation provides insight into the electronic structure of
the junction.
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Chapter 1

Introduction

1

Introduction

1.1. Flexible Electronic Devices
Advances in thin film device technology over the past four decades have sparked
exciting innovations for displays, sensors, and energy conversion.1 These innovations
have traditionally been fueled by the need for devices that are faster, smaller, and lighter,
with a recent push for devices that are portable and more compatible with the human
body.1-4 Unfortunately, the latter set of requirements cannot be met by traditional device
fabrication methods; high-performance electronics are fabricated using single crystal
inorganic materials that are inherently rigid and planar.2,3,5 Replacing solid-state device
technology with flexible, organic analogues opens the door to devices that bend, roll,
fold, and match the contours of the human body.1,2,6 This field of research – collectively
known as ‘flexible electronics’ – has produced exciting proof of concept devices such as
flexible displays,7 memory storage,8 solar cells,9 and radio frequency-identification
systems.10 Despite this great research effort, the commercialization of this technology has
been markedly slow; it has taken ~ 20 years since the filing of the first polymer lightemitting device (PLED) patent for this technology to slowly trickle into market. 1 A major
challenge that inhibits mass commercialization of flexible electronics is the requirement
that each part of the device – including the electrodes, active components, and
interconnects – function under tensile and compressive strain. Designing flexible device
components with performance characteristics comparable to that of single crystal
inorganic materials is the fundamental challenge of this field.

1.1.1. Low-Cost Metallization of Polymeric Substrates
Flexible electronic devices require the deposition of patterned metal interconnects and
contacts onto polymer substrates. Conventional fabrication methods rely on a
combination of physical vapour deposition (PVD) and photolithography to deposit and
pattern such films. Both of these methods have high capital and operating costs which fall
out of line with the low-cost nature of polymer electronics. As a result, two general
schemes have emerged as low-cost alternatives to conventional fabrication: In the first
approach, low-cost patterning methods are used in conjunction with metal films that have
been deposited using PVD;11-21 the second approach eliminates PVD entirely by
employing solution-based metal deposition.22-28
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1.1.1.1. Physical Vapour Deposition
Various low-cost patterning methods, both additive and subtractive, have been
integrated with PVD to produce functioning metal circuitry on polymeric substrates. The
simplest of the patterning techniques involves depositing a metal film through a physical
mask, known as a ‘shadow mask’. Shadow masking provides a straightforward means of
patterning; however, it suffers from poor resolution due to edge distortion and cannot
fabricate closed geometric patterns without the use of multiple masks.11
A popular method of subtractive patterning involves first depositing a blanket film of
metal using PVD, patterning an etch resist using a technique known as microcontact
printing (CP), and using wet chemical etching to remove the unprotected areas of the
film.12-15 CP is a technique pioneered by Whitesides and Kumar that uses an elastomeric
stamp to transfer a pattern (features as small as 1 m) of chemical ‘ink’ to a substrate via
the formation of a self-assembled monolayer (SAM); the stamp bears a relief pattern that
is formed by pouring liquid pre-polymer over the surface of a lithographically patterned
silicon wafer, followed by curing the stamp, and peeling it away.29,30
Rogers et al. showcased this method by fabricating an array of 256 thin film transistors
on a plastic substrate (Mylar) which used a backplane consisting of gold source/drain
contacts patterned by CP (Figure 1.01).12 The source/drain contacts were fabricated in
four steps. First, a blanket film of Ti/Au was deposited onto a Mylar substrate using PVD
(electron beam evaporation). Second, an etch resist (1-hexadecanethiolate SAM) was
patterned in the positive tone of the desired source/drain contacts using CP. Third, wet
chemical etching using a ferri-/ferrocyanide solution removed the gold film from the
areas that were not protected by the etch resist, revealing the gold source/drain pattern.
Finally, the etch resist was removed from the source/drain contacts using heat.
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Figure 1.01. Image of a completed plastic active matrix backplane circuit. The inset
shows an optical micrograph of a typical transistor. Adapted from reference 12.
Copyright the National Academy of Sciences.

A popular additive method known as nanotransfer printing (nTP) uses an elastomeric
stamp to directly transfer a patterned metal film – with feature sizes as low as 100 nm and
edge resolutions of 15 nm – to a receiving substrate; the transfer process is driven by
strong adhesion between the metal film and the receiving substrate, usually through the
formation of covalent bonds.16-19,31 Zaumseil et al. used nTP to create three-dimensional,
multi-layer gold structures by successively employing a two-step process. First, a
pattered elastomeric stamp bearing a thin (20 nm) gold film is brought into contact with a
1,8-alkanedithiol SAM-coated GaAs substrate; covalent linkage of the gold film to the
SAM results in its transfer to the GaAs substrate upon removal of the stamp. Then, a
second gold-coated elastomeric stamp is brought into contact with the surface of the
substrate, resulting in cold welding of the two gold films. This process can be repeated
until the desired multilayer architecture is achieved (Figure 1.02).31 In a later publication,
a similar process used non-covalent interactions to transfer multilayer metal stacks to a
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variety of polymer substrates including polyethylene terephthalate (PET), polyimide (PI)
and polypropylene (PP).17

Figure 1.02. (a) Scanning electron micrograph (SEM) of printed Au (20 nm thick, 300
nm wide) lines on top of Au nanochannels. (b) SEM image of a cross section of a sample
with 10 consecutively printed layers of 100 nm gold channels. For each step the stamps
were rotated 90° with respect to the direction of the channels of the underlying layer. In
both structures, the first layer adheres to the GaAs substrate through covalent bonds to
the dithiol monolayer. Cold welding bonds the subsequent Au layers to each other.
Adapted with permission from reference 31.
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1.1.1.2. Electroless Metal Deposition
Eliminating PVD is the only way to develop a truly ‘low-cost’ method of patterned
metal deposition. One potential PVD replacement - electroless deposition (ELD) – is a
solution-based metallization technique that is capable of depositing copper, silver, nickel,
gold, and cobalt onto a variety of different substrates, and is widely used in the
microelectronics industry.32 The ELD process involves the reduction of metal ions in
solution to produce thin metal films. In the first step of the process, a Pd catalyst on the
substrate surface catalyzes the initial reduction of metal ions in solution. Once a thin
layer of metal is deposited, the process becomes autocatalytic and metal ions continue to
be reduced as a reducing agent in the plating solution is oxidized. CP has been
combined with ELD in both subtractive33 and additive34-37 processes to generate patterned
metal films using a fully solution-based approach.
A subtractive patterning method by Tate et al. used a three step process to fabricate
patterned silver source/drain electrodes for use in organic transistors.33 First, a blanket
film of silver was deposited onto the gate dielectric using a commercially available ELD
plating bath. Then, CP was used to pattern an etch resist (SAM of 1-hexadecanethiolate)
onto the silver film in the desired source/drain pattern. Finally, the unprotected areas of
the silver film were removed using a ferri-/ferrocyanide wet chemical etch process,
followed by removal of the etch resist. This method produced functional source/drain
electrodes with a spacing of only 1 micron, and minimal edge roughness.
Additive ELD processes use CP to pattern the Pd catalyst prior to metal deposition.
Patterning is achieved in one of two ways: In the first approach, CP is used to directly
print a patterned film of Pd catalyst onto a polymer substrate; subsequent ELD deposits
metal only in the printed areas. This approach was used by Hidber et al. to deposit
patterned films of electroless copper onto various polymer substrates including PI,
polystyrene (PS), and polyethylene (PE).34 In the second approach, CP is used to pattern
an organosilane SAM that can either promote or inhibit the binding of Pd catalyst during
solution deposition. For example, Prissanaroon et al. patterned an amino-terminated
organosilane

adhesion

promoter

onto

the

surface

of

plasma-modified

polytetrafluoroethylene (PTFE) using CP; exposing the substrate to a solution of Pd
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colloids resulted in catalyst binding only in the areas defined by the SAM, which
subsequently catalyzed ELD of copper.35 Using a similar approach, Zschieschang et al.
patterned a hydrophobic fluoropolymer onto the surface of polyethylene naphthalate
(PEN) that acted as an adhesion inhibitor; exposure to aqueous Pd catalyst solution led to
binding only in areas not defined by SAM, which subsequently catalyzed ELD of
nickel.37
All of the aforementioned patterning/deposition methods demonstrate that metal
circuitry can be deposited onto flexible polymer substrates without the need for expensive
PVD or photolithography. Despite these advances, a clear frontrunner has yet to emerge
as the ‘standard method’ for depositing patterned metals for flexible electronic devices.

1.1.2. Flexible, Transparent Conductive Electrodes
Optoelectronic devices such as organic light-emitting diodes (OLEDs) and solar cells
require an anode that is both conductive – to facilitate charge injection through the
device, as well as transparent – to allow the passage of light through the device.
Traditionally, transparent conductive electrodes (TCEs) have been fabricated using thin
films of transparent metal oxides such as aluminum-doped zinc oxide, gadolinium indium
oxide, fluorine-doped indium oxide, tin oxide, as well as many others.38 Despite a diverse
catalogue of transparent conductive oxides, the industry workhorse since the 1960s has
been tin-doped indium oxide (ITO).
1.1.2.1. ITO – The Industry Standard
ITO has several characteristics that make it such a strong candidate as a TCE. First,
ITO is highly transparent and conductive; ITO films on glass have sheet resistance values
of < 20 /□ with a transparency of > 85%. Sheet resistance can be thought of as a
measure of resistivity averaged over the sample thickness, and has the units ohms/square
(/□).39 Typical sheet resistance requirements are ~15 /□ for displays, and up to 100
/□ for touch screens.38 Second, the scale up of dc magnetron sputter deposition methods
has made the large scale fabrication of ITO coatings for thin film solar cells or flat panel
displays a routine process.38 Finally, roll-to-roll processing facilitates large scale (roll
sizes up to 7 feet wide) deposition of ITO onto thin polymer substrates such as PET;38
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befittingly, the market for ITO-coated polymer substrates is growing at an estimated 10%
per year.40
Despite its advantages over other TCEs, ITO has two major limitations that hinder its
integration into flexible electronic devices. First, the high temperature processing
conditions required to produce highly transparent and conductive ITO films are not
compatible with most polymer substrates. As a result, the sheet resistance values of ITO
on PET are higher than on glass (60 – 400 /□ and 80% transparent), which is
undesirable for large area flat panel display technology.38 Second, ITO is a brittle ceramic
that cracks under very low (< 2%) tensile strains, and incurs irreversible damage when
subjected to repetitive bending cycles.41,42 A requirement of flexible electronic devices is
that each component of the device – including the TCE – are able to withstand the strain
associated with bending, folding, and rolling; the inability of ITO to withstand large
amounts of tensile strain would severely limit the flexibility of any practical device.
1.1.2.2. Silver Nanowire Films as a Drop-in Replacement for ITO
A large research community has been developing potential replacements for ITO that
possess its beneficial optoelectronic properties (low sheet resistance and high
transparency) without compromising the mechanical and electrical properties of devices
formed on flexible polymer substrates.43 Examples of technologies that are currently
being explored as ITO replacements include metallic grids,9,44-46 conductive polymers,4749

reduced graphene oxide,50,51 single-walled carbon nanotubes,52 and metallic

nanowires.41,53-74
Many view thin films of silver nanowires (AgNWs) as the most promising replacement
for ITO for the following reasons: First, silver is the most conductive of the elements;
highly conductive nanowires lead to films with low sheet resistance values. Second,
AgNWs have extremely high aspect ratios (> 103); the high aspect ratio results in
numerous interwire junctions within the AgNW films – reducing the sheet resistance of
the film – while maintaining enough void space to allow the passage of light – essential
for high transparency (Figure 1.03).75 Third, the transparency and sheet resistance of the
films can be tuned by varying the density of AgNWs; increasing the number of nanowires
leads to more interwire connections, but consequently less void space for the
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transmission of light (Figure 1.04).76 Finally, there are a variety of methods available for
depositing AgNW films including vacuum filtration,60,61 drop casting,53,54 Meyer rod
coating,56,57 and spray deposition.58,59,71,72

Figure 1.03. Morphology characterizations of as-prepared Ag NWs. (a) SEM image of
top view of as-prepared AgNWs on a silicon substrate and their suspensions in alcohol
(inset). (b) High-magnification SEM image of AgNWs. Adapted with permission from
reference 75. © IOP Publishing. Reproduced by permission of IOP Publishing. All rights
reserved.
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Figure 1.04. Top-view SEM images of AgNW-coated films with different densities, in
which the AgNWs are shown to be a continuous network. Adapted with permission from
reference 76.

AgNW films not only have optoelectronic properties that rival, if not surpass, those of
ITO (85% transparent, 20 /□), but they have also been deposited onto a variety of
polymer substrates to make flexible TCEs that can withstand the tensile and compressive
strain associated with bending, rolling, and folding.41,55,57,60,63,68,71,72,75,77,78 For example, a
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recent publication by Song et al. fabricated AgNW films on flexible PET plastic that had
transparencies greater than 90% and sheet resistance values less than 15 /□.78 These
AgNW films were able to withstand up to 12.5% compressive strain (being bent to a
radius of 0.2 mm), as well as over 1000 cycles of repetitive strain (being bent to a radius
of 1.5 mm) without experiencing any change in electrical performance. These AgNW
films were showcased as TCEs in flexible organic solar cells. Zhu et al. demonstrated the
remarkable versatility of AgNW films by fabricating transparent conductive electrodes
(91% transparent, 13 /□ on glass) on a variety of substrates including flat and curved
glass, flexible PET plastic, rough cloth, Xerox paper, a ceramic plate, and even a bamboo
leaf.75 AgNW films on paper substrates withstood over 10 000 cycles of repetitive strain
(being bent to a radius of 2 mm) without any significant increase in sheet resistance
(Figure 1.05)

Figure 1.05. The measurement of sheet resistance during 10 000 bending cycles with a 2
mm bending amplitude for a AgNW transparent electrode transferred onto Xerox paper.
Adapated with permission from reference 75. © IOP Publishing. Reproduced by
permission of IOP Publishing. All rights reserved.
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Despite the impressive optical, electrical, and mechanical performance of AgNW films,
there are two major limitations that inhibit their integration into real flexible electronic
devices. First, many of the techniques used to deposit AgNWs do so haphazardly,
producing uncontrolled piles of nanowires that protrude from the substrate surface. These
protrusions, which can often be > 100 nm in height, may not be compatible with thin film
devices in which the layer thickness is often < 100 nm;54,57 protruding AgNWs could
provide a pathway for electrical shorts. Second, these haphazard piles of AgNWs are
often not adhered to the surface, making them very fragile.64 One potential solution to
these problems is to embed AgNWs into a polymer film; embedding the wires not only
provides adhesion to the substrate, but also reduces the height variations that can cause
device shorts. This approach has been used to fabricate flexible OLEDs,64 PLEDS,41
polymer solar cells,63 and capacitive strain sensors70 using polymer embedded AgNWs as
the TCE, truly highlighting these materials as the frontrunner for replacing ITO.

1.1.3. Assembly of Device Components
Microelectronic devices are not limited to layered thin films, but can also be comprised
of a series of electrical or optical components that have been integrated into a single
system.79 A significant challenge in the manufacture of these types of devices is
assembling the components into their desired location with high reproducibility.80
Traditionally, this has been accomplished using serial ‘pick-and-place’ fabrication in
which robotic manipulators assemble each of the components individually, followed by
serial wire-bonding and serial packaging.81 According to Moore’s law, the number of
electrical components (transistors) that can fit onto an integrated circuit (IC) chip doubles
approximately every two years.4 Consequently, the size of electrical components found in
microelectronic devices must shrink at an equivalent rate. As the size of these
components reaches the meso- and nanoscale (objects with dimensions ranging from 100
m to several nm), several limitations inhibit the usefulness of pick-and-place assembly
in device fabrication. First, pick-and-place assembly is slow and inefficient for the
assembly of very large numbers of components. Second, the adhesive and electrostatic
forces that are negligible for the assembly of macroscopic components become dominant
at the meso- or nanoscale; these forces can cause sticking between the micromanipulator
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and the components, reducing efficiency and yield.81 Finally, pick-and-place assembly is
not compatible with non-planar substrate surfaces, or the assembly of components in
three dimensions.79
1.1.3.1. Self-Assembly
The limitations of serial pick-and-place fabrication methods have pushed researchers
towards developing new, parallel methods for assembling large numbers of device
components in a single step.80 The most popular of the parallel assembly methods – self
assembly – has been ubiquitous in chemistry and biology long before the advent of IC
technology.80 Self-assembly, defined as the spontaneous aggregation of components into
larger, ordered structures without human intervention,82

is responsible for basic

biological processes such as the formation of lipid membranes, folded proteins, structured
nucleic acids, and protein aggregates, to name a few.80 The same principles that make
self-assembly nature’s choice for forming biological structures also make it attractive for
fabricating electronic devices. First, self-assembly is a parallel technique which can
assemble a large number of components very quickly. Second, self-assembly allows
access to highly ordered structures that cannot be fabricated using any other methods.80
Whitesides defines five important features that determine the success of any selfassembling system (these features are specific to molecular self-assembly, though in
principle they extend to all length scales):80
The components – self-assembling systems consist of large numbers of components
that may be identical or different, and their interaction with each other leads from a less
ordered state (such as solution or disordered aggregate) to a more ordered state (such as
a crystal).
The interactions – self-assembly is a result of the balance between repulsive and
attractive interactions between the components. These interactions are usually weak and
non-covalent, such as van der Waals interactions and hydrophobic interactions.
Reversibility – generating highly ordered structures requires that the interaction
between the components is reversible, or weak enough to allow them to adjust their
position within the structure after it is formed. This means that the forces holding the
components together must be comparable to the forces that disrupt them.
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The environment – self-assembly is usually carried at an interface or in solution; the
interaction of the components with the environment, much like the interaction of the
components with each other, can strongly influence the assembly process.
Mass transport and agitation – self-assembly requires that the components of the
system are mobile, and come into contact. For molecular self-assembly, the thermal
motion of molecules in solution is enough to facilitate contact; for nano-, meso-, and
macroscopic systems, assuring mobility of the components is often more challenging.
These five design criteria, though initially applied to molecular self-assembling
systems, can provide a useful framework for systems in which the component sizes
extend to the meso- and macroscale.
1.1.3.2. Self-Assembly using Capillary Interactions
Though a variety of interactions have been used as the driving force for the selfassembly of meso- and macroscopic components (e.g. magnetism83 or electrostatics84,85),
capillary interactions have emerged as the most popular. These self-assembly motifs
usually involve components that are floated at a liquid/liquid or liquid/air interface, or
components that have been coated with a hydrophobic liquid and suspended in water.80 In
the first case, the capillary forces can be controlled by changing the shape of the menisci
at the interface between the components and the liquid. In the second case, capillary
forces drive the components together to minimize the surface free energy of the
hydrophobic liquid coating. If the liquid coating is an adhesive, the components can be
made into permanent structures after self-assembly.86-90 Electrical conductivity is
important for any self-assembling microelectronic system; the use of molten solder as a
liquid coating allows for assembly schemes that yield permanent, electrically connected
structures.80,91-93 Capillary bonds formed during the assembly process are strong enough
to hold nanometer-,94-96 micrometer-,97,98 and millimeter99,100 sized components together,
and have yielded a variety of interesting two-dimensional101,102 and threedimensional88,91,103,104 structures (Figure 1.06).
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Figure 1.06. Examples of two-dimensional (A and B) and three-dimensional (C–F)
structures, self-assembled in systems of macroscopic components interacting via capillary
interactions. Open hexagonal array (A) and hexagonal lattice formed around circular
templates (B) self-assembled from poly(dimethylsiloxane) plates floating at the interface
between perfluodecalin and water. (C) Spherical structure formed by self-assembly of
hexagonal metal plates on the surface of a drop of perfluodecalin in water. (D) Compact
3D structure formed by self-folding of a string of tethered, polymeric polyhedra. (E)
Large crystal self-assembled from micrometer-sized hexagonal metal plates. (F)
Aggregate with electrical connectivity self-assembled from polyhedral, polymer
components bearing solder patterns of wires and dots. All images adapted with
permission from the original copyright owners (references 33, 48, 49, 54, 36, 42 found
within reference 80).
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All of the structures in Figure 1.06 are assembled by minimizing the interfacial free
energies of the components and forming closed-packed structures; however, these motifs
do not permit control over the spacing between components. One way to control the
spacing and geometry of the final structure is to incorporate the use of a template. Within
the context of capillary induced self-assembly, templates can be fabricated using adhesive
drops that have been patterned using SAMs to alter the surface free energy of specific
areas of the template substrate.79,105 Passing the substrate through a thin film of
hydrophobic adhesive floating at an air/water interface deposits small adhesive drops in
the hydrophobic regions to minimize the surface free energy. Following this step,
hydrophobic components suspended in water can be flowed towards the substrate and
will stick to the adhesive drops upon impingement.
Another approach to templated self-assembly – in which the surface tension between a
metal electrode and a drop of molten solder is used to drive the assembly process – was
used elegantly by Jacobs et al. to fabricate a fully functioning cylindrical display (Figure
1.07).79 The display was fabricated in two steps: First, a series of GaAs/GaAlAs LED
chips (~ 280 m x 280 m x 200 m) – each with a large square gold anode on the
backside of the chip and a small round gold cathode on the frontside of the chip – were
assembled onto square shaped molten solder drops that had been patterned onto a copper
template; this assembly process took place in aqueous media and was driven by the
minimization of interfacial free energies of the molten solder and the gold anode. Next,
both the small gold cathodes of the LED chips and a top electrode consisting of patterned
copper wire were dip coated with molten solder and immersed into water; minimization
of the free energy of the molten solder led to registration between the top electrode and
the chips. After cooling the molten solder below its melting temperature, the LEDs were
permanently anchored in place within a fully functional, addressable array.
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Figure 1.07. Photograph of the operating display after the alignment of the top electrode.
The display contains 113 LEDs that are assembled in an interleaved fully addressable
array. Adapted with permission from reference 79.

Despite the versatility of templated self-assembly methods, they rely on the use of
solvents (usually water) to minimize the effects of gravity and deliver the components to
the template; wet conditions may not be compatible with the assembly of electronic
components without requiring special packaging. Dry templated assembly methods have
been proposed – such as the electrostatic assembly of spherical polystyrene particles into
two-dimensional arrays by Winkleman et al.85 – but anchoring the assembled structure in
place requires that it be transferred to a polymer matrix such as optical adhesive, epoxy,
or elastomer. Furthermore, this method is limited to the assembly of a single type of
component.
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1.2. Molecular Electronics
Since Aviram and Ratner first proposed the idea of a ‘molecular rectifier’ in 1974,106 a
large research effort has been put forth investigating the possibility of integrating
individual molecules as the active or passive components in electronic devices.107-117 This
field of research, now known collectively as ‘molecular electronics’, has grown quickly
over the past decade. The study of molecular electronics is driven by the rapid
progression of electronic device miniaturization and the fundamental size limitations
imposed by current complementary metal-oxide semiconductor (CMOS) technology.116
As previously noted, Moore’s law states that the number of transistors on an integrated
circuit chip grows exponentially, doubling about every two years.4,113 In order for this
trend to continue, the size of microelectronic circuit elements must soon approach the
molecular and atomic scale.114 The use of single molecules as active device elements is
attractive for two reasons. First, the molecular length scale (several nm) is small enough
to produce device elements that can extend the Moore’s law predictions. Second,
advances in synthetic chemistry provide innumerable potential molecules for creating a
‘molecular toolbox’ that can be used to construct different device elements.113

1.2.1. Charge Transport Properties of Molecules
Sandwiching molecules or molecular monolayers between two metal electrodes allows
for characterization of their charge transport properties. The inherently small size of
molecules leads to charge transport characteristics that are drastically different from those
seen for bulk materials. A simple calculation of the energy dissipation across a single
molecule during charge transport is often employed to express this point: Passing 500 fA
of current at a bias of 0.5 V through a single alkane molecule with a heat capacity of 350
J·mol-1·K-1 would lead to a temperature increase of ~108 K per molecule.110 This
calculation does not apply to molecules because they are smaller than the inelastic mean
free path of electrons in typical metals, invalidating the concept of bulk resistivity. A
variety of mechanisms has been considered for charge transport through the backbone of
a molecule within a molecular electronic device. The mechanism that dominates charge
transport depends on several factors including temperature, molecular size and structure,
coupling of the molecule to the top and bottom electrodes, and the position of the
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electrode Fermi energy levels with respect to the molecular orbitals of the molecule.108,113
Three primary charge transport mechanisms are applied to molecular junctions: coherent
tunneling, incoherent tunneling, and charge hopping.
1.2.1.1. Coherent Tunneling
Classical quantum mechanical electron tunneling, often referred to as ‘coherent’
tunneling, is based on the probability of an electron traversing a barrier with a given
height and thickness.108 The tunneling rate exponentially decreases as the thickness of the
barrier is increased, according to the Simmons equation, where J is the current density
(A·cm-2), q is the charge of the electron, V is the applied voltage, h is Planck’s constant,
m is the mass of an electron,  is the height of the tunneling barrier, and d is the barrier
thickness:118,119
(Eq. 1.1)

The Simmons equation can be simplified for practical experimentation by implementing
a constant, J0, to replace the pre-exponential term, and a term  that has units of inverse
length (often Å-1) that is proportional to the square root of the barrier height:
(Eq. 1.2)
Within the context of a molecular junction, coherent tunneling is the most likely charge
transport mechanism for a system in which the electron cannot access any electronic
states on the molecule. In this case, the electron is forced to tunnel through the space
between the two electrodes. The thickness of this tunneling barrier, d, is defined by the
length of the molecule, while the height of the tunneling barrier is defined by difference
between the Fermi energy level of the electrode, and the energy level of the closest
molecular orbital (Figure 1.08).113 One defining characteristic of coherent tunneling is the
temperature independence of the rate of charge transport; measuring the rates of transport
at various temperatures for a given molecular junction can aid in identifying coherent
tunneling as the primary mechanism at work.
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Figure 1.08. Illustration of the coherent tunneling electron transport mechanism, adapted
with permission from reference 108.

1.2.1.2. Incoherent Tunneling
It is generally accepted that coherent tunneling mechanisms apply only to systems in
which the barrier is less than 25 Å thick, due to the exponential decay of tunneling
probability as a function of barrier thickness.108 As a result, the measurement of electron
tunneling through a 40 Å thick insulating DNA helix in the 1990s came as a shock to
many researchers in the field.120,121 This result led to the proposal a new charge transport
mechanism known as ‘incoherent’ tunneling, in which the electron no longer coherently
tunnels through the barrier, but rather incoherently tunnels through a series of potential
wells that exist along the barrier (Figure 1.09).108 Tunneling from one of these discrete
potential wells to the next occurs via a coherent tunneling process, making the incoherent
tunneling process also independent of temperature.
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Figure 1.09. Illustration of the incoherent tunneling mechanism, adapted with permission
from reference 108.

1.2.1.3. Activated Transport (Hopping)
Activated transport, or ‘hopping’, is a mechanism by which the electron travels over
the tunneling barrier rather than through it.108 Charge hopping occurs when the tunneling
barrier is either deformed by an applied bias, or more commonly, by thermal nuclear
motion that leads to a molecular geometry with a decreased barrier height.108,113 In an
ideal system, complete hybridization of the electrode Fermi levels and the molecular
orbitals of the molecule would lead to a ‘molecular wire’ in which the electron could hop
directly from one electrode to the other.113 In reality, the offset between the Fermi energy
levels of the electrodes from the molecular orbitals of the molecule and the discrete
energy states present along the molecular backbone lead to a series of electrical sites to
which the electron must hop in order to cross the molecular junction.113 Electron hopping
between relatively stable sites along the molecular backbone leads to a tunneling
probability that is dependent upon d-1, rather than exponentially dependent as is the case
for coherent tunneling. Because charge hopping is an activated process, it is strongly
dependent upon temperature and applied bias; increasing either of these parameters
lowers the tunneling barrier height.
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1.2.2. Molecular Junctions
While Aviram and Ratner’s theoretical study of unidirectional electron transport
through a single molecule sparked great interest in the field of molecular electronics, the
development of nanotechnology capable of measuring such properties was not realized
until the 1990s.107 Charge transport through molecules is typically measured using a twoterminal junction in which the molecule of study is sandwiched between two conductive
electrodes. There are generally two types of molecular junctions: single molecule, and
ensemble.108 Single molecule junctions (Figure 1.10) have been defined as those in which
individual molecules make up the layer that bridges the two electrodes. Ensemble
junctions (Figure 1.11) are those in which a large number of molecules (103 - 1012) make
up a highly ordered monolayer that bridges the two electrodes.122 Single molecule
junctions can be extremely elegant, and also represent the lowest limit to the
miniaturization of microelectronic components; however, their fabrication and
characterization are extremely intricate and experimentally demanding.108 As such, the
remainder of this discussion and the work presented in this dissertation will focus on
ensemble junctions.

Figure 1.10. Illustration of a single molecule bridging two electrodes to form a single
molecule junction, adapted with permission from reference 116.
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Figure 1.11. Illustration of a monolayer bridging two electrodes to form an ensemble
junction, adapted with permission from reference 122.

1.2.3. Challenges with Molecular Junctions
The literature describing charge transport through molecules using molecular junctions
has been plagued by inconsistent, irreproducible, and often contradictory results. This
lack of coherency within the field can be attributed to the fact that nearly every research
group studying molecular electronics fabricates their junctions differently.112 Ensemble
molecular junctions have three primary structures: the top electrode, the molecular
monolayer, and the bottom electrode. A variety of different materials and deposition
methods are available for producing each of these structures, leading to innumerable
possibilities for the makeup of a molecular junction. Table 1.1 highlights this point by
illustrating a variety of different molecular junction systems used to measure coherent
tunneling through simple alkane molecules.123 Across these different studies, the
measured values of  range from 0.47 – 0.90 Å-1, and the measured values of J0 range
from ~101 – 108 A·cm-2. Recently, a large research effort has been put forth to minimize,
if not eliminate the inconsistencies associated with measuring charge transport properties
of molecules by developing reliable protocols for data collection and analysis.124-126 A set
of reliable experimental protocols requires careful consideration of the material and
method of deposition used to fabricate the molecular monolayer, the bottom electrode,
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and the top electrode. Furthermore, these three structures do not operate independently of
each other; the relative position of the electrode Fermi energy levels with respect to the
molecular orbitals of the molecules can have drastic implications on the charge transport
properties of the system.

Table 1.1. Variety of molecular junctions used to measure  and J0 of alkanes,
reproduced with permission from reference 123.

1.2.4. The Molecular Monolayer
There are two types of molecular monolayers used as the active component in
molecular electronic devices: Langmuir-Blodgett (LB) films and SAMs. LB films are
formed by spreading a molecular film at an air/water interface and compressing the film
to a desired molecular density.127 Pulling a solid substrate through the interface results in
a complete transfer of the molecular film. LB films have several beneficial characteristics
that make them interesting candidates for molecular electronics applications.112 First, the
LB method provides fine control over the packing density of molecules in the film.
Molecular packing density of LB films is largely independent of the substrate, allowing
for tightly packed monolayers of a variety of different types of molecules. Second, the
LB method allows for easy fabrication of bilayer or multilayer molecular films by simply
repeating the process several times. Finally, the LB method does not require the
formation of a covalent bond between the molecules in the film and the substrate surface,
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making it compatible with a wide variety of different substrate materials. One particularly
interesting study by Collier et al. used LB films of rotaxane molecules to fabricate
molecular junctions that were capable of acting as logic gates.128 However, one crucial
drawback to the LB method is that the molecules are physisorbed – and thus only weakly
coupled – to the surface of the metal electrode.129 The nature of the interaction between
the molecular anchoring group and the metal electrode surface is one of the most
important parameters that dictate the charge transport through a molecular junction. It has
previously been shown for alkyl-thiol systems that the current flow through the alkyl
chain can be up to four orders of magnitude higher for a system that is covalently linked
to the electrode surface versus a system that is physisorbed.130,131 Unlike LB films, SAMs
provide a route to highly ordered monolayers in which the molecules comprising the film
are covalently linked to the electrode surface, thus improving the metal-molecule
coupling.132 Table 1.2 outlines the different types of interactions between a molecule and
an electrode surface within a molecular junction.129
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Table 1.2. Types of interactions at metal – molecule interfaces, adapted with permission
from reference 129. © IOP Publishing. Reproduced by permission of IOP Publishing. All
rights reserved.

1.2.4.1. Self-Assembled Monolayers
SAMs are highly ordered, single layer molecular films formed from the adsorption of
organic molecules onto a solid or liquid surface. Adsorbate molecules spontaneously
organize on the surface to produce crystalline or semi-crystalline domains. The anatomy
and characteristics of a SAM are highlighted in Figure 1.12.132
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Figure 1.12. Schematic diagram of an ideal, single-crystalline alkanethiolate SAM
formed on a gold (111) surface, adapted with permission from reference 132.

The primary driving force for SAM formation is the interaction between the substrate
(which for the purpose of this discussion will be restricted to metals, though metal-oxides
and semiconductor surfaces can also be used for SAM formation), and the reactive ligand
or ‘head group’ of the adsorbate molecule. The head group has a highly specific affinity
for the metal substrate which leads to an overall lowering of the interfacial free energy
upon adsorption. Adsorption happens via the formation of a covalent bond between the
molecule and the metal surface (chemisorption), and is exothermic.132
Self-assembly of adsorbate molecules into tightly packed domains on the surface of the
metal is also driven by van der Waals interactions between neighbouring molecules.
Isolated van der Waals interactions are much weaker than the covalent bonds that anchor
the molecule to the metal surface;133 however, extending these interactions between
neighbouring molecules across an infinite two-dimensional network significantly lowers
the free energy of the organic layer.132,134
Although the self-assembly process is driven by the free energy minimization
associated with chemisorption of the head group and van der Waals interactions between
neighbouring molecules, the interfacial properties of the SAM are often dictated by the
terminal functional groups that are present at the organic interface. Interfacial properties
(e.g. wettability) and tribological properties (e.g. adhesion, friction, and lubrication) of
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the SAM are all affected by the nature of the functional group that presents at the surface
of the layer.82,132
A variety of different metals can be used as substrates for the formation of SAMs, with
the most popular choice being the series of coinage metals (Au, Ag, Cu, Pt, Pd). Of the
coinage metals, gold has historically been the most heavily studied SAM-bearing
substrate for three major reasons. First, gold is inert; it does not oxidize in ambient
conditions like copper or silver,135 and it does not react with most chemicals. Second, thin
gold films can easily be deposited onto a variety of substrates using well established
methods such as physical vapour deposition, sputtering, or electrodeposition.132 Finally,
the interaction between gold and sulfur is highly favourable (~30 kcal/mol136-138);
adsorption of organosulfur compounds such as alkanethiols, dialkylsulfides, and
dialkyldisulfides have all been shown to produce robust, well ordered SAMs.139-143
The surface structure of n-alkanethiolate SAMs on Au (111) (Figure 1.13) is based on a
(√3 x √3)R30° overlayer in which the sulfur atoms bind at the three-fold hollows of the
crystal lattice.144,145 Each unit cell has two non-equivalent alkyl chains that result in a
secondary structure with a c(4 x 2) superlattice.146 For n- alkanethiolate SAMs on gold
with long (>10 methylene units) alkyl chains, chain orientation within the organic layer
can be described by two parameters: the angle of tilt for the linear backbone away from
the surface normal (α), and the angle of rotation about the long axis of the molecule
(β).132 Due to the separation of sulfur atoms on the surface (4.99 Å)133, alkyl chains tilt
and rotate to maximize both packing density and the number of van der Waals
interactions between neighbouring molecules. The values of α and β are strongly
dependent upon the substrate; for example n-alkanethiolate SAMs have a tilt angle of
~30° when formed on Au (111), and a tilt angle of ~10° when formed on Ag (111).132
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Figure 1.13. Schematic diagram depicting the (√3 x √3)R30° overlayer and c(4 x 2) super
lattice of n-alkanethiolate SAMs formed on Au (111), adapted with permission from
reference 132.

There are a myriad of applications in nanoscience and technology for n-alkanethiolate
SAMs,132 however it is the use of these SAMs as the active component in molecular
electronic devices that is the application of greatest interest to this discussion and this
dissertation.
1.2.4.2. Charge Transport through n-Alkanethiolate SAMs
Attempts to rectify the aforementioned problems associated with characterizing charge
transport through molecules has forced many researchers to take a step back to the
simplest of systems: a monolayer of alkane molecules sandwiched between two metal
electrodes.112 n-alkanethiolate SAMs on coinage metal surfaces provide the simplest
method for producing this system, and have thus been the most extensively studied class
of molecules within the field. There is a general consensus that charge transport through
SAMs comprised of insulating alkanes, such as SAMs formed from n-alkanethiols,
occurs via non-resonant, coherent tunneling according to the simplified Simmons
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equation (Eq. 1.2).118,131,147-149 The height of the tunneling barrier is defined by the large
HOMO-LUMO gap for these systems (~8 – 10 eV), and the thickness of the tunneling
barrier is defined by the length of the molecule.125
Within the context of metal-insulator-metal (MIM) molecular junctions formed from nalkanethiolate SAMs on gold, the parameters of the Simmons equation begin to take on a
more meaningful form. The current density, J, is calculated by measuring the current
across a molecular junction with an applied bias, and then normalizing the current to the
effective area of contact between the two electrodes and the SAM. The thickness of the
tunneling barrier, d, is determined by the molecular length. It is important to note that the
thickness of the tunneling barrier is not equivalent to the thickness of the SAM; coherent
tunneling is thought to occur across the length of the carbon backbone (through bond)
and not across the shortest distance between the two electrodes (through space).149 This
point becomes important when comparing n-alkanethiolate SAMs formed on two
different metal substrates; an increase in the average tilt angle of the alkyl chains can lead
to a thinner SAM, reducing the distance between the two electrodes; however, the length
of the carbon backbone is constant.

 describes the exponential decay in tunneling probability as a function of increasing
molecular length, and is often expressed in units of per carbon (nC-1). Theoretically,

depends only on the molecular orbitals of the molecules comprising the SAM, and
should be independent of the contacts at the electrode surface.108 One assumption in the
Simmons equation is that the molecular orbitals, and consequently , are independent of
molecular length. The values of  reported in the literature for n-alkanethiolate SAMs
ranges from 0.51 – 1.13 nC-1,125 with most values falling in the range of 0.75 – 1.1 nC-1.150152

J0 is an expression of the theoretical current density through a molecular junction with
no tunneling barrier (e.g. an n-alkanethiolate SAM with no carbons). The value of J0 is a
reflection of the nature of the interface between the SAM and the electrode surface. An
important factor that influences the magnitude of J0 is the coupling strength; strong
molecule-electrode coupling is usually achieved via chemisorption, and can lead to
broadening and overlap of the HOMO/LUMO of the molecule and the Fermi energy
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levels of the electrodes, lowering the barrier to charge injection. Weak coupling, usually
associated with physisorbed molecules, leads to discrete HOMO/LUMO energy levels
that do not mix with electronic states at the electrode surface.111 J0 is not always reported
in the literature because of its strong dependence on the choice of the top and bottom
electrode.
1.2.4.3. Chelating SAMs for use in Molecular Electronics
n-Alkanethiolate SAMs provide a simple, well-understood system for developing
reliable protocols for fabricating and characterizing molecular junctions; however, two
major limitations may prevent their use in real electronic devices.153 First, the sulfur 3p
orbitals involved in the metal-thiolate bond are localized, restricting charge transport
through the molecule.154,155 Second, a low energy barrier to molecular diffusion and
desorption156 causes poor stability and could limit the lifetime of a real device. von
Wrochem et al. studied an elegant system that solves each of these problems using SAMs
on gold formed from terphenyldithiocarbamate (TPDTC) adsorbate molecules.153 The
DTC head group (Figure 1.14 a) chelates to the gold surface leading to stronger metalmolecule coupling and improved thermal stability versus a thiol analogue (Figure 1.14 b).
The combination of head group chelation and the aromatic nature of the terphenyl
backbone causes delocalization of the molecular orbitals (Figure 1.14 c), with a high
density of states (DOS) near (-0.6 eV) the Fermi level of the gold surface. Notably,
molecular junctions formed using a mercury drop top electrode and a TPDTC SAM on
gold showed values of J that were two orders of magnitude higher than the non-chelating
thiol analogue (terphenylthiol).153 Similar studies also show, both experimentally and
theoretically, that the chelation of conjugated dithiocarboxylic acid (DTCAs) molecules
to the gold surface improves the metal-molecule coupling and reduces the charge
injection barrier in a molecular junction.157,158

31

Introduction

a)

b)

c)

Figure 1.14. The terphenyl compounds with a DTC head group (a) and a thiol head
group (b) shown bound to gold. c) Mesomeric forms of the DTC head group on gold.
Adapted with permission from reference 153.

In addition to DTCs and DTCAs, a variety of other adsorbate molecules have been
shown to form SAMs on gold in which the head group binds in a multidentate fashion.159
Though multidentate binding of an adsorbate molecule improves the stability of the
SAM, reducing the charge injection barrier requires strong coupling that is only achieved
through mixing and overlap of the molecular orbitals with the Fermi energy levels of the
metal surface.153,157,158 Delocalized bonding to the gold surface for DTC and DTCA
adsorbates provides orbital mixing and overlap; however, other systems of this nature
have yet to be studied within the context of molecular electronics.
One potentially interesting candidate for use as an anchoring group in SAM-based
molecular junctions is the dithiophosphinic acid (DTPA). Dialkyl-DTPA molecules have
previously been used in industrial applications for the selective separation of precious
metals from sulfide ores.160 Though little is known about the ability of the DTPA
anchoring group to form SAMs on metal surfaces161-163, the potential for chelation with
resonance between the two sulfur atoms162 makes this class of molecules interesting for
molecular electronics applications.
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1.2.5. The Top Electrode
As previously discussed, establishing electrical contact between molecules and the
bottom electrode in ensemble molecular junctions can be achieved by forming SAMs.132
Therefore, the biggest challenge in completing the junction is finding a suitable method
to contact the organic interface or ‘top’ of the SAM.164 Chiechi et al. define four
important characteristics for an ideal top electrode. First, the electrode should form
physical, conformal, but non-damaging contact to the SAM. Second, the electrode should
form small area (micron scale) contact to the SAM to minimize the contribution of
defects to the measured current densities. Third, the top electrode should be fabricated in
a way that does not require the use of specialized equipment or access to a cleanroom.
Finally, the material should be non-toxic.165 A variety of different top electrodes have
been investigated including mechanical break junctions, scanning probe (scanning
tunneling microscopy (STM) and conductive probe atomic force microscopy (AFM))
junctions, evaporated metal junctions, conductive polymer junctions, and liquid metal
junctions.124
Break junctions and scanning probe junctions are used to probe contact areas of only a
few molecules, and do not fall within the boundaries of an ensemble measurement.
Evaporating thin metal films directly onto the surface of the SAM leads to intimate
metal-molecule contact; however, the hot metal atoms present during evaporation can
damage the organic layer or cause the formation of metallic filaments (Figure 1.15).132
The formation of metallic filaments can be prevented by the deposition of a conductive
polymer interlayer between the SAM and electrode;166 however, these polymers often
require high annealing temperatures that are not compatible with n-alkanethiolates.156,165
Liquid metal contacts, such as the hanging mercury drop electrode and the EGaIn (a
liquid eutectic alloy, 75.5 wt % Ga and 24.5 wt % In) tip electrode, form reproducible,
non-damaging contact to the SAM surface, making them ideal candidates for top
electrodes in SAM based junctions.
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Figure 1.15. Illustration of the damage that can be caused to a SAM by the hot metal
atoms present during evaporation. a) Chemical reaction between the organic molecules
and the metal atoms. b) Formation of a metallic filament through the SAM. c) Formation
of a metal adlayer on the surface of the substrate bearing the SAM. d) Formation of
metal-oxide impurities on the surface of the substrate. Adapted with permission from
reference 132.

1.2.5.1. The Hanging Mercury Drop Electrode
One of the most well studied top electrodes for use in molecular junctions, pioneered
by Majda et al.,167-170 is the hanging mercury drop (Hg-drop). Since its inception in 1997,
there have been numerous reports of charge transport measurements through SAMs using
the Hg-drop test bed.148,171-178 To fabricate Hg-drop junctions, a SAM is formed on the
surface of a metal substrate which is then immersed into a solvent bath containing
secondary adsorbate molecules. Then, a drop of mercury – which has been stabilized by
the formation of a SAM from the secondary adsorbate – is lowered into mechanical
contact with the metal surface.109 Hg-drop junctions can also be fabricated by bringing
into contact the surfaces of two SAM coated drops of mercury in a thiol-containing
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solvent bath.173 One defining characteristic of the Hg-drop junction is that the interface is
SAM-SAM (Figure 1.16), rather than SAM-electrode.

Figure 1.16. Photograph (left) and model (right) of a Hg-drop junction formed from nalkanethiolate SAMs on Hg and Au. Adapted with permission from reference 153.

There are several benefits to using the Hg-drop electrode: First, junctions can be
fabricated quickly and easily, allowing the collection of large pools of data for statistical
analysis.108 Second, the high surface tension of mercury reduces the likelihood of
filament formation through the SAM. Finally, the interface allows for the study of
asymmetric (Hg-SAM1-SAM2-metal) junctions with a variety of different molecular
structures.179 There are also several drawbacks to the Hg-drop top electrode: First, the
area of contact is large (~ 250 m2),124 amplifying the contribution of defects in the SAM
which can result in a large number of electrical shorts.180 Second, the environmental
effects associated with measuring charge transport properties in a solvent bath are
unclear.181 Finally, integrating the Hg-drop electrode into a real microelectronic device is
not practical; mercury is both mechanically unstable and highly toxic.108,180
1.2.5.2. The EGaIn Tip Electrode
Recently, a new liquid metal top electrode formed from conically shaped tips of EGaIn
has emerged.180 Like the Hg-drop electrode, the EGaIn tip makes conformal, nondamaging contact to the surface of a SAM coated metal substrate. However unlike the
Hg-drop electrode, EGaIn is non-toxic,180 it can be formed into non-spherical shapes with
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small (1 – 100 m) diameter contact areas,180 it does not require a solvent bath or
secondary SAM to act as a protective barrier layer at the metal surface (this purpose is
served by a thin (~ 0.7 nm) self-limiting skin of Ga2O3 that spontaneously forms in
ambient conditions)124 and it can be formed into stable liquid metal microstructures,182,183
increasing the likelihood of it being integrated into real microelectronic devices.
The process for fabricating a conical EGaIn tip is shown in Figure 1.17. First, a drop of
EGaIn is extruded from a syringe and brought into contact with a bare metal substrate (to
which it adheres) using a micromanipulator. Second, the syringe is slowly pulled away
from the surface, forming an hourglass shape; the interesting rheological properties of
EGaIn are attributed to the spontaneous formation of Ga2O3 ‘skin’ which is noncompressible.183 The syringe continues to be pulled away from the metal surface until the
EGaIn bifurcates into a distinct conical tip.180 Bringing the conical tip into contact with
the surface of a SAM coated metal substrate completes the molecular junction.

Figure 1.17. A series of photographs of the formation of a conical tip of EGaIn. Adapted
with permission from reference 180.

A number of interesting phenomena have been observed using the EGaIn tip electrode,
including coherent tunneling,180 molecular rectification,184 the ‘odd-even’ effect,125
quantum interference,185 and very recently, the influence of changing a single atom on the
charge transport properties of SAMs.164 Despite its versatility, there have been questions
about the nature of the Ga2O3 layer that makes up the surface of the tip, specifically the
36

Introduction
contributions to the resistance of the electrode from i) the oxide layer, ii) any adventitious
organics that adsorb onto the oxide layer, and iii) experimental and environmental
processing conditions.124 A recent study by Cademartiri et al. answered many of these
questions by concluding that i) handling conditions had no influence on the structure and
composition of the tip, ii) adsorption of adventitious organics under normal laboratory
conditions did not significantly affect charge transport measurements, and iii) for all
systems tested, the resistance of the junction is dominated by the SAM and not the tip;
the resistance of the tip is estimated to be several orders of magnitude lower than the
most conductive SAM measured in this study.124 The EGaIn tip electrode provides a fast,
safe, and simple way to collect large amounts of reproducible charge transport data,
making it one of the most attractive top electrodes currently available.

1.2.6. The Bottom Electrode
The most popular choice of bottom electrode for ensemble molecular junctions is a thin
coinage metal film, more specifically, silver or gold.112 Well understood thiol chemistry
provides ease with which reproducible, well ordered SAMs can be formed on these
substrates.132 One drawback however, is that polycrystalline coinage metal films
produced by electron beam evaporation (As-deposited) have a surface morphology that is
dominated by intergrain boundaries comprised of several atomic steps, as well as a
variety of different structural irregularities.132 SAMs formed on these substrates exhibit
various defects, many of which are highlighted in Figure 1.18, that are strongly
influenced by the surface morphology of the metal film.
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Figure 1.18. Schematic illustration of the different types of defects seen for SAMs
formed on polycrystalline gold substrates. Adapted with permission from reference 132.

Within the context of a molecular junction, defects present in SAMs can lead to
variation in the measured current densities as a result of ‘thin’ and ‘thick’ areas (as
illustrated for a Hg-SAM-SAM-Ag junction in Figure 1.19) that change the thickness of
the tunneling barrier, d.171 Thick area defects include those in which a solvent or solute
molecule has intercalated the interface between the SAM and the top electrode; the
presence of these contaminants leads to additional van der Waals interfaces through
which charge must tunnel, causing a decrease in the measured current densities. Thin area
defects are caused by local disorder in the SAM as a result of misalignment between
neighbouring alkyl chains, resulting in a decrease in the thickness of the tunneling
barrier, and consequently an increase in the measured current densities.171 Substrate
induced defects, both thick and thin, are randomly distributed throughout the SAM
leading to a normal distribution of d.126 For systems that obey the Simmons equation – in
which J is exponentially dependent upon d – a normal distribution of d leads to a lognormal distribution of J; statistical analysis of log J is much more useful than analysis of
J.126
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Figure 1.19. Schematic diagrams of several possible defects in SAMs of SC12 on silver
(bottom electrode) and at the interface with a SAM of SC12 on mercury (top electrode):
(a) a defect-free junction; (b) isolated (un-annealed) vacancies; (c) impurities in the silver
film that cause local disorder in the SAM; (d) steps at the edge of annealed vacancy
islands; (e) small, raised vacancy islands; and (f) defects at the grain boundaries of the
silver supporting disordered SAMs. The molecules in between the SAMs are intercalated
or trapped solvent (e.g., hexadecane) or solute (e.g., HSC12). Adapted with permission
from reference 171.
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A potential solution for reducing the density of substrate induced defects in SAM based
molecular junctions is to replace rough, As-deposited metal substrates with ultra smooth
metal substrates.171,186 Ultra smooth coinage metal substrates are fabricated using a
process known as ‘template stripping’187,188 in which a metal film is deposited onto a
smooth template (usually silicon or mica) and subsequently stripped away to reveal its
smooth underside. Template-stripped (TS) metal substrates are smooth (RMS surface
roughness values of ~2 – 3 Å) and have a surface comprised of large (50 – 500 nm),
atomically flat terraces that differ by only a few atoms in height.187-190 Figure 1.20
highlights the differences between the surface of As-deposited, and TS silver films. nAlkanethiolate SAMs formed on TS metal surfaces have fewer substrate induced defects,
owing to the improved alignment of neighbouring alkyl chains.191,192

Figure 1.20. Contact-mode AFM images of the topography of the (a) As-deposited silver
film and (b) TS silver film. The root-mean-square roughnesses of a 25 m2 area of the
silver films are 5.1 +/- 0.4 nm for As-deposited and 1.2 +/- 0.1 nm for TS. The white
circles indicate the approximate size of the largest grains in each film and have diameters
of (a) As-deposited, 80 nm, and (b) TS, 1 m. Adapated with permission from reference
171.
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Molecular junctions formed from n-alkanethiolate SAMs on TS metal substrates show
a decrease in the variance of log J and an increase in the non-shorting device yield.171,186
Fewer substrate induced defects (both thin and thick area) in SAMs formed on TS
substrates lowers the distribution of the tunneling barrier thickness across the area of the
junction, resulting in narrower distributions of log J. Reducing the number of thin area
defects also helps prevent the formation of metallic filaments, improving the junction
yield.171 Weiss et al. showed that Hg-drop junctions formed using n-alkanethiolate SAMs
on TS silver had variance in the measured current densities several orders of magnitude
lower than for junctions that used as-deposited silver (Figure 1.21). Hg-drop junctions on
As-deposited silver also failed 3.5 times more often than those on TS silver.171 A similar
study by Engelkes et al. demonstrated that conductive probe AFM junctions formed using
n-alkanethiolate SAMs on TS Au had a several orders of magnitude decrease in the
variance of the measured current densities compared to As-deposited Au.186 These studies
are important because they demonstrate the profound influence of substrate morphology
on the measurement of current density through SAMs, regardless of the bottom electrode
material (gold or silver) or the choice of top electrode (Hg-drop or conductive probe
AFM).
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Figure 1.21. (Left) Plots of the average │J│-V curves (log-mean, bold black lines) and
all │J│-V curves (light gray lines) measured on the TS junctions Ag-SCn//CnS-Hg (n =
10, 12, 14), except for the initial traces that had a current density several orders of
magnitude below the remaining traces, and traces directly preceding and following
amalgamation. (Right) The same set of traces for the corresponding junction using AsDeposited silver. Adapted with permission from reference 171.
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Ultrasmooth metal films can also be fabricated using chemical mechanical polishing
(CMP) – a well known technology within the semiconductor manufacturing industry.
CMP uses a synergistic combination of wet chemical etching and mechanical polishing to
remove surface defects, such as roughness or scratching, from metallic films.193 Islam et
al. demonstrated that alkoxynaphthalenethiol monolayers on polished platinum electrodes
showed greatly improved molecular packing and orientation compared to those formed
on As-deposited platinum.194 Molecular switching devices fabricated from monolayers on
the polished platinum electrodes showed a remarkable 100% device yield. Apart from
this proof of concept study, the use of polished metal electrodes as substrates for SAM
based molecular junctions remains relatively unexplored.

1.3. Dissertation Objectives
1.3.1. Simple, Low-Cost Fabrication of Thin Film Device
Components
The first half of this dissertation focuses on the development of simple, low-cost
methods for fabricating thin film device components. We seek replacements for
traditional fabrication methods that rely on the need for high capital equipment and
specialized facilities, or that are incompatible with emerging technologies such as flexible
and stretchable electronics.
First, we examine a general solution-based method for patterned metal deposition onto
a variety of rigid and flexible polymer substrates. Traditionally, metal is deposited onto
polymer substrates using expensive PVD techniques such as electron beam evaporation
or sputtering. These metals are typically patterned using photolithography. We replace
PVD and photolithography with a combination of electroless copper deposition and soft
lithographic patterning using an aluminum porphyrin complex, thereby reducing cost and
complexity. This work is presented in Chapter 2.
Second, we examine the use of AgNW / optical adhesive composite films as
transparent conductive electrodes in flexible photovoltaic devices. Lightweight, flexible
photovoltaic devices are fabricated on polymeric substrates that can be bent, rolled, or
folded. ITO, the universal TCE, fails under the compressive and tensile strain
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experienced by flexible electronic devices. We look to replace brittle ITO with a durable,
flexible AgNW-based transparent conductive coating that can be applied to a variety of
substrates including glass, plastic, and elastomer. We also examine the functionality of
these coatings as TCEs in flexible light-emitting devices. This work is presented in
Chapter 3.
Finally, we examine a two-dimensional mesoscale self-assembly method in which the
need for a solvent carrier medium has been eliminated. A method in which particle selfassembly takes place under dry conditions is compatible with the assembly of electronic
components; under wet conditions, the electronic components would likely require
special protective packaging. This work is presented in Chapter 4.

1.3.2. New Molecules and Substrates for use in Molecular
Electronic Devices
The second half of this dissertation focuses on developing new tools for creating
molecular electronic devices. Molecular electronic devices are comprised of an active
component, typically a molecule or group of molecules, sandwiched between two metal
electrodes. We describe a new series of molecules as potential active components in
molecular electronic devices, as well as a new class of metal substrates as potential
electrodes in molecular electronic devices.
First, we examine new SAMs on gold formed from dihexadecyldithiophosphinic acid
((C16)2DTPA) adsorbate molecules. The DTPA head group, bearing two sulfur moieties,
can potentially chelate to the gold surface. Chelation of the DTPA head group would
improve coupling between the molecule and the metal surface, potentially reducing the
barrier to charge transport through the SAM in a molecular electronic device. This study
focuses on the influence of substrate morphology on the ability of the head group to
chelate to the gold surface, and the consequential implications on the structure of the
organic layer. This work is presented in Chapter 5.
Second, we examine a series of SAMs on gold formed from dialkyl-DTPAs with
varying alkyl chain lengths (C6, C10, C12, C14, C16). This study focuses on the influence of
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alkyl chain length on the head group binding, molecular packing density, and organic
layer organization of dialkyl-DTPA SAMs. This work is presented in Chapter 6.
Third, we examine the use of chemical mechanical polishing in the fabrication of ultra
smooth gold substrates for use as electrodes in molecular electronic devices. This study
focuses on the development and characterization of the CMP process with respect to
surface roughness, surface uniformity, and surface composition. Furthermore, we
compare the charge transport properties through a series of n-alkanethiolate SAMs (n = 9
– 16) formed on polished gold substrates to SAMs formed on TS gold substrates; TS
substrates are widely accepted to be the standard substrate for use as a bottom electrode
in SAM-based molecular electronic devices. This work is presented in Chapter 7.
Finally, we examine the charge transport properties of new diphenyldithiophosphinic
acid (Ph2DTPA) SAMs within molecular tunnel junctions. This study begins with the
characterization of the head group binding, wettability, and electrochemical barrier
properties of Ph2DTPA SAMs formed on TS gold. Then, we form and characterize metalSAM//Ga2O3/EGaIn molecular junctions using both chelating Ph2DTPA SAMs and
monodentate analogue thiophenol (PhSH) SAMs to determine the effect of head group
chelation on charge transport properties. We conclude with a computational investigation
detailing the electronic structure of these two systems, providing important insight into
the ability of the adsorbate molecules to couple to the underlying gold surface. This work
is presented in Chapter 8.
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2.1. Introduction
This chapter describes a simple, low-cost method based on microcontact printing and
electroless metal deposition (ELD) to fabricate metallic contacts and wires on polymeric
substrates for use in lightweight plastic electronic devices. Plastic electronics span a wide
range of applications and polymeric substrates: Flexible polymers, such as polyethylene
terephthalate (PET), polyethylene naphthalate (PEN), and polyimide (PI), enable the
fabrication of devices such as conformal displays, wearable electronics, and bioelectronic
devices such as sensors and artificial nerves.1-5 Rigid polymers that can be rapidly
molded or lithographically patterned into thick, high-aspect-ratio structures, such as
polymethylmethacrylate (PMMA) or the epoxy-based negative-tone photoresist SU-8, are
useful as structural materials for microanalytical and microfluidic systems.6 Coating
these rigid structures with metal enables the transmission of electrical signals in devices
such as microactuators,7 electrochemical detectors,8 millimeter-wave antennae for broadbandwidth wireless communications,9 and radio frequency conductors for MEMS.10
The selective metallization method described in this chapter is applicable to the range
of substrates used for plastic electronics, as well as to inert polymers such as polyethylene
(PE), polypropylene (PP), and poly(tetrafluoroethylene) (PTFE).

Oxidizing these

polymer surfaces generates a common surface chemistry consisting of surface-bound
carboxylic acid groups. We use microcontact printing to form a patterned monolayer of
an aluminum porphyrin complex that binds to the oxidized surface of the polymer
through a covalent aluminum carboxylate bond and subsequently captures a palladium-tin
colloidal catalyst from solution, which initiates the electroless deposition (ELD) of
copper from solution. This selective metallization process reduces fabrication costs by
replacing complex and expensive processes - conventional photolithography and physical
vapor deposition (PVD) of metals - with the simple, low-cost methods of microcontact
printing and ELD. We demonstrate the process by fabricating patterned copper films on a
variety of both flexible and rigid polymers with minimum feature sizes of 2 m over 2cm2 substrates. We also establish an important practical advantage to this process by
demonstrating that copper wires fabricated on flexible PEN substrates withstand
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substantial mechanical deformation without a loss in performance: Wire resistivity is
unaffected by bending the metallized PEN around a cylinder of radius < 1 mm.
The emergence of plastic electronic products has intensified the drive to reduce the cost
and complexity of their fabrication. Academic research leads this effort by developing
fabrication processes that replace conventional technologies such as photolithography and
PVD, both of which are slow processes with high capital and operating expenses, with
simple patterning methods such as microcontact printing, ink-jet printing, or screen
printing, and fast materials deposition methods from solution such as spin-coating or dipcoating.11-12 For the deposition of metallic wires and contacts on polymeric substrates,
researchers

have

developed

several

low-cost

printing

methods

photolithography; however, many of these methods rely on metal PVD.

to

replace
Examples

include patterning methods based on shadow masks,13 microcontact printing and
etching,14-17 nanotransfer printing,18-21 and lamination.22-23

These methods have all

successfully contributed to the fabrication of flexible devices on polymeric substrates; in
addition, Rogers et al. demonstrated that microcontact printing and etching can produce
high-quality plastic electronics over large substrate areas.14
To further reduce costs, however, it is necessary to eliminate our dependence on PVD
and instead combine a low-cost patterning method with solution-based metal deposition.
One approach is to directly pattern a conductive metallic ink or a suspension of metallic
nanoparticles. Conductive silver inks have been patterned using screen printing, which
uses a physical mask to block the flow of the ink.24 Although this method is compatible
with large-area patterning, it is limited by the relatively modest resolution that can be
achieved (~75 m).12 Solutions of metallic nanoparticles have been patterned using
inkjet printing25-30 and direct ink writing.31 Annealing the printed nanoparticles to create
conductive metallic films can be accomplished at relatively low temperatures due to
melting point depression of metal nanoparticles, making this process compatible with
many polymeric substrates. A second approach is to combine a low-cost patterning
method such as inkjet printing or microcontact printing with a solution-based metal
deposition process such as ELD.32
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ELD is widely used in the microelectronics industry to form patterned conducting lines
and interlevel connections on printed circuit boards, to cap copper damascene
interconnects in semiconductor devices, and to fabricate thin metal etch masks.33-38 It can
be used to deposit metals such as copper, nickel, gold, silver, and cobalt onto either
metallic or insulating substrates. In ELD, metal ions in the electroless plating solution are
chemically reduced to metal by a Pd catalyst chemisorbed on the surface of the substrate.
After metallization is initiated, the initial layer of deposited metal autocatalyzes further
metal deposition as a reducing agent in the electroless plating solution is oxidized. Inkjet
printing and microcontact printing have both been used with ELD to fabricate metal
contacts and wires on plastic substrates. Inkjet printing of either a Pd catalyst39-40 or a
polyelectrolyte adhesion layer that subsequently binds a Pd catalyst from solution,41-42
followed by ELD, has been demonstrated on PET substrates. Microcontact printing has
been used with ELD in either subtractive or additive patterning approaches. Subtractive
patterning uses ELD to deposit a blanket metal film that is then patterned by microcontact
printing an alkanethiol SAM and wet etching.43 Although this approach is presumably
compatible with plastic substrates, the process of depositing and then removing metal
generates waste. Additive patterning eliminates this drawback by using microcontact
printing to define a chemical pattern on a polymeric substrate and then depositing metal
within that pattern using ELD. There are few reports of additive patterning methods on
polymeric substrates, and they can be divided into two categories: The first category uses
microcontact printing to directly transfer the Pd catalyst to the surface of a polymeric
substrate, followed by ELD.

Whitesides et al. demonstrated this approach by

microcontact printing tetraalkylammonium bromide-stabilized Pd nanoparticles to a
polymeric substrate that had previously been oxidized and treated with an organosilane
bearing amino or thiol groups.44 The organosilane is an adhesion promoter: it covalently
binds to the oxidized surface and presents amino or thiol groups that bind the Pd catalyst.
In the second category, it is the organosilane layer that is initially patterned by
microcontact printing; Pd or Pd/Sn colloids subsequently bind from solution selectively
either within or outside the patterned organosilane. For example, Prissanaroon et al. used
microcontact printing of an organosilane adhesion promoter bearing an amino group and
subsequent binding of Pd colloids from aqueous solution to selectively metallize plasma59
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modified PTFE.45 Li et al. also used microcontact printing to pattern an organosilane
adhesion promoter for the selective metallization of PI; however, this method was only
applicable to a siloxane-containing polyimide substrate.46

Zschieschang et al. used

microcontact printing to transfer a patterned fluorinated organosilane to the surface of a
PEN substrate; the fluorinated layer subsequently acted as a resist to Pd catalyst
adsorption, allowing for the selective deposition of nickel gate electrodes on the PEN
surface and fabrication of flexible circuits.47
The problem with the reported additive approaches to selective electroless metallization
is the incompatibility of PDMS stamps used in microcontact printing with the solvents
used to suspend Pd nanoparticles, with polar catalysts like Pd or Pd/Sn colloids, and with
organosilanes. Tetraalkylammonium bromide-stabilized Pd nanoparticles require the use
of solvents such as toluene or THF, which swell the stamp48 and lead to distortion of the
metallized pattern.

Distortion is highly detrimental to device fabrication, where

registration between patterned materials layers is crucial. Pd/Sn colloids or other polar
catalysts use aqueous solvents that inhibit the deposition of the catalyst onto the surface
of the hydrophobic PDMS stamp. Rendering the PDMS surface hydrophilic by plasma
oxidation is only a temporary solution due to the tendency of PDMS to undergo
hydrophobic recovery over a period of only a few hours.49 Microcontact printing of
functionalized organosilanes also requires plasma oxidation of the stamp to enable
inking, and additionally presents a serious manufacturing problem: The hydrolytic
instability of alkyltrichloro- and alkyltrialkoxysilanes results in crosslinking on the
surface of the PDMS stamp, curtailing its lifetime.
Our approach to the selective electroless metallization of polymeric substrates
incorporates the economic advantages of microcontact printing and ELD with a new
microcontact printing ink – an aluminum (III) porphyrin complex – to eliminate the
problems plaguing previous methods that use unsuitable printing inks.

In the past,

applications of metalloporphyrins immobilized on solid substrates have predominantly
been based on the optical and electrochemical properties of the metalloporphyrin: Optical
and photoelectrochemical sensors,50-52 molecular electronics,53-55 and sensitizers in dyesensitized solar cells56-57 are all well-studied examples. Our work exploits different
60

Selectively Metallized Polymeric Substrates by Microcontact
Printing an Aluminum (III) Porphyrin Complex
metalloporphyrin properties – solubility, hydrophobicity, and chemical reactivity at the
metal center – to demonstrate that tetraphenylporphyrinato-aluminum (III) methoxide
(TPPAl-OMe) is an ideal microcontact printing ink when paired with oxidized polymeric
substrates bearing carboxylic acid groups. There are four important advantages to using
TPPAl-OMe as a microcontact printing ink and subsequent foundation for ELD: First,
TPPAl-OMe is soluble in isopropanol, an ideal solvent for microcontact printing because
it minimizes swelling and distortion of the PDMS stamp. Second, TPPAl-OMe is a
hydrophobic material that can effectively wet the surface of a native PDMS stamp,
eliminating the need for stamp surface modification. Third, the reaction of TPPAl-OMe
with carboxylic acid groups at the interface between the inked stamp and oxidized
polymer occurs rapidly to form highly stable aluminum carboxylate bonds that covalently
anchor the TPPAl monolayer to the substrate (Figure 2.1).

The by-product of the

reaction, methanol, evaporates or dissipates into the PDMS stamp, but does not cause
swelling or distortion. The reactivity of aluminum (III) porphyrin complexes is wellestablished in solution: TPPAl-OH reacts rapidly with benzoic acid to generate the fivecoordinate aluminum benzoate complex TPPAl-(benzoate) and liberate an equivalent of
water.58 The axially-bound benzoate ligand is highly stable. It is not displaced by
alcohols or water; rather, it requires a competitive carboxylic acid to be present in excess.
Fourth, the TPPAl-(carboxylate) monolayer rapidly binds Pd/Sn colloids from solution to
subsequently initiate ELD.
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Figure 2.1. Reaction of TPPAl-OMe with carboxylic acid groups on the surface of an
oxidized polymeric substrate.

2.2. Experimental Section
2.2.1. Materials
All materials and chemicals were purchased commercially and used as received.
PDMS stamps were prepared by casting PDMS prepolymer against photolithographic
masters according to published procedures.59

Tetraphenylporphyrinato-aluminum(III)

methoxide (TPPAl-OMe) was prepared using the literature method reported for TPPAlOEt,60 but the reaction was quenched with methanol rather than ethanol.
Tetraphenylporphyrinato-aluminum(III) benzoate (TPPAl-(benzoate)) was prepared
according to the literature method. The following polymer films were purchased from
Goodfellow (Oakdale, PA) and used as received (thickness of polymer films in
parentheses): polyethylene terephthalate (75 m), polyethylene naphthalate (75 m),
polyimide

(75

m),

polypropylene

(75

m),

polyethylene

(125

m),
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poly(tetrafluoroethylene) (100 m) and polymethylmethacrylate (500 m). SU-8 films
were prepared as directed by manufacturer. For details, see the Supporting Information.

2.2.2. Substrate Preparation
The surfaces of PET,61 PEN,61 PI,62 PE,63 PP,63 PTFE,64 PMMA,65 and SU-866 were
oxidized according to literature methods. For details, see the Supporting Information.

2.2.3. Stamp Inking and Printing
An ink solution of TPPAl-OMe in isopropanol (1 mg/mL) was filtered through a 0.2m PTFE Acrodisc syringe filter. The surface of a PDMS stamp was flooded with the
filtered ink solution and left for 30 s. A stream of nitrogen was used to first blow off
excess solution and then to thoroughly dry the stamp for 30 s, leaving a film of neat
TPPAl-OMe. Inked stamps were placed on the surface of oxidized polymeric substrates
using tweezers, left for 1 min, and then removed. Porphyrin multilayers were removed by
rinsing the printed substrate with isopropanol for 1 min.

2.2.4. Electroless Metallization
The patterned polymeric substrate was immersed in a Pd/Sn colloidal catalyst solution
(Cataposit 44 and Cataprep 404 (Shipley), prepared as directed by the manufacturer) for 1
min, accelerator solution (1 M HCl) for 1 min, and then metallized in the copper ELD
bath (10:1 v:v mixture of solutions A (copper (II) sulfate pentahydrate (4.5 g/L), sodium
potassium tartrate tetrahydrate (21.0 g/L), and sodium hydroxide (6.0 g/L) in water) and B
(37.2 % formaldehyde in water)). Plating times were typically 3-5 min.

2.2.5. Reaction of TPPAl-(benzoate) with HCl
0.03 mmol TPPAl-(benzoate) was dissolved in 3.0 mL CH2Cl2 and 2.0 mL of 1 M HCl
was added and the mixture was shaken vigorously for 3 min. The mixture was allowed to
stand for 3 h; the organic layer was then separated and dried over sodium sulfate. The
solvent was removed by evaporation under vacuum and the residue dissolved in CDCl3
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for 1H NMR spectroscopic analysis, which showed only the presence of TPPAl(benzoate).

2.2.6. Tape Test
Adhesion of copper films deposited by ELD was tested using the ASTM D3359B-02
tape test.67 A 30 x 30 mm copper film was metallized on a polymeric substrate as
described (a flat slab of PDMS was used as the microcontact printing stamp). A cutter
equipped with 11 blades spaced by 1 mm was used to cut a lattice pattern measuring 20 x
20 mm in the copper film. Pressure-sensitive tape was applied to the cut area and then
removed. Adhesion was assessed qualitatively on a 0 – 5 scale according to ASTM
guidelines.67

2.2.7. Fabrication of Copper Wires and Electrical Testing
Copper wires on PEN were fabricated with l = 1.0 cm, w = 1.0 mm, h = 40 nm. A
small drop of Eutectic Gallium-Indium (EGaIn) was applied to each end of the wire. The
wire was then bent around a metal cylinder with the desired radius of curvature, and then
electrical contact was made via the EGaIn drops using stainless steel probes connected to
a Keithley 2601 Source Meter (Keithley Instruments, Cleveland, OH). The resistance of
the wire was measured at 0.005 V increments as the voltage was swept from -0.5 V to
+0.5 V.

The average of these 210 measurements was used, and three separate

measurements were taken for two wires at each radius of curvature. Radii of curvature
ranged from 12.5 mm to 100 m.

2.2.8. Characterization
UV/vis absorption spectra were collected using a CARY 50 Conc UV/Visible
Spectrophotometer. RAIRS spectra were collected using a Bruker IFS 66/v spectrometer
equipped with an MCT detector and Harrick Autoseagull accessory. The p-polarized
light was incident at 85° from the surface normal; 1024 scans were collected at a
resolution of 2 cm-1. Water contact angles were measured using the sessile drop method
on a Rame-Hart contact angle goniometer. Three readings from at least two samples
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were averaged. 1H NMR spectroscopy was performed using a Bruker DRX spectrometer
operating at 500 MHz in CDCl3, using residual CHCl3 as the internal reference. Optical
inspection was performed using an Olympus BX51 microscope. SEM images were
obtained using a FEI Quanta 200 scanning electron microscope. AFM measurements
were made using a Digital Instruments Multimode atomic force microscope.

2.3. Results and Discussion
2.3.1. A Single Process Selectively Deposits Copper on a Variety
of Oxidized Polymeric Substrates
We used a single process for the selective electroless metallization of flexible polymers
(PET, PEN, and PI), rigid polymers (PMMA, SU-8), and polymers with low surface free
energies (PE, PP, and PTFE). This process begins with oxidation of the polymer surfaces
to create surface carboxylic acid groups. Scheme 2.1 outlines the subsequent process
steps: (a) Inking a PDMS stamp with TPPAl-OMe forms a film of TPPAl-OMe on the
surface of the stamp; (b) Microcontact printing brings the film of TPPAl-OMe in contact
with the surface carboxylic acid groups of the substrate to form a TPPAl-(carboxylate)
monolayer and an equivalent of methanol, as depicted in Figure 2.1. It also transfers a
film of unreacted TPPAl-OMe to the surface; (c) Rinsing with dichloromethane or
isopropanol removes the physisorbed TPPAl-OMe, leaving the TPPAl-(carboxylate)
monolayer covalently bound to the surface; (d) Immersion in a solution of Pd/Sn colloids,
which consist of a Pd-rich core protected from oxidation by a hydrolyzed Sn2+/Sn4+ shell,
binds the colloids selectively to the TPPAl-(carboxylate) monolayer. The acceleration
step uses 1 M HCl to dissolve a portion of the Sn2+/Sn4+ protective shell to expose the
catalytic, Pd-rich core of the bound Pd/Sn colloids.68-73

Immersion in an electroless

copper plating bath deposits copper selectively over the catalyzed regions of the substrate.
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a)

TPPAl-OMe film
PDMS stamp

b)

Microcontact
Printing
Oxidized
polymeric
substrate

c)

d)

1. Remove stamp
2. Rinse with isopropanol
or CH2Cl2
TPPAl(carboxylate)
monolayer

1. Pd/Sn colloids
2. 1 M HCl
3. Copper ELD
Plated copper

Scheme 2.1. Schematic of the process steps used to fabricate patterned copper films on
oxidized polymeric substrates.

2.3.2. Microcontact Printing Transfers a TPPAl-OMe Multilayer
to Oxidized Polymeric Substrates
Ultraviolet-visible (UV-vis) absorption spectra of printed TPPAl-OMe films on
oxidized PET confirm the initial formation of a multilayer of TPPAl-OMe and are
consistent with the removal of physisorbed TPPAl-OMe by rinsing with dichloromethane
or isopropanol to leave a TPPAl-(carboxylate) monolayer on the surface (Figure 2.2a).
For these experiments we used a flat slab of PDMS as the printing stamp to create a
printed area on oxidized PET for UV-vis absorption spectroscopy. The very broad Soret
band at 432 nm in the UV-vis spectrum of the as-printed layer is due to the random
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orientation of TPPAl-OMe molecules in the multilayered film: The absorption spectrum
is the sum of the absorption bands resulting from the various types of excitonic couplings
between molecules in the film.74 Two Q-bands at 555 nm and 602 nm are also visible.
After repeatedly rinsing the printed film with either dichloromethane or isopropanol, the
Q-bands are no longer detectable and the Soret band diminishes in absorbance and
narrows relative to the Soret band of the unrinsed film, consistent with the removal of
physisorbed TPPAl-OMe. The bathochromic shift of the Soret band (426 nm) relative to
the solution spectrum (414 nm) is typical of head-to-tail dipolar interactions between systems of neighboring adsorbates,75 and is thus consistent with the formation of a
TPPAl-(carboxylate) monolayer.
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Figure 2.2. Characterization of a TPPAl-OMe film transferred by microcontact printing
to the surface of an oxidized PET substrate. (a) UV-vis absorption spectrum of a TPPAlOMe film transferred by microcontact printing to the surface of oxidized PET before
(red) and after rinsing with isopropanol (blue). (b) RAIRS spectra (3000 – 2800 cm-1 and
1800 – 1200 cm-1) of a TPPAl-OMe film transferred by microcontact printing to the
surface of an MHDA SAM on gold before (red) and after rinsing in dichloromethane
(blue).
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2.3.3. Rinsing Removes Physisorbed TPPAl-OMe and Leaves a
TPPAl-(carboxylate) Monolayer on Oxidized Polymeric
Substrates
We used reflection-absorption infrared spectroscopy (RAIRS) to confirm that rinsing
removes physisorbed TPPAl-OMe from microcontact-printed multilayers and leaves a
TPPAl-(carboxylate) monolayer on the surface.

The RAIRS spectrum of a printed

TPPAl-OMe multilayer formed on a 16-mercaptohexadecanoic acid (MHDA) SAM on
gold – a reflective model surface for oxidized polymeric substrates – and the RAIRS
spectrum of a multilayer rinsed with dichloromethane both contain characteristic bands
that confirm the presence of the MHDA SAM and the porphyrin ring (Figure 2.2b, Table
2.1).

The presence of free and hydrogen-bonded carbonyl stretches of the MHDA

carboxylic acid group indicates that the large size of the aluminum porphyrin precludes a
1:1 reaction between TPPAl-OMe and MHDA carboxylic acid groups. The decrease in
the average water contact angle from 82.8° for a multilayer printed on oxidized PET to
53.9° after rinsing with isopropanol supports this model: When the multilayer is rinsed
off, the water drop then senses the underlying hydrophilic carboxylic acid groups, thus
reducing the contact angle. The bands due to MHDA and the porphyrin ring likely
obscure one of the two carboxylate stretches expected for the TPPAl-(carboxylate)
monolayer covalently bonded to the MHDA surface; nonetheless, we are able to assign
the absorption band at 1510 cm-1 in the spectrum of the unrinsed film and 1520 cm-1 in
the spectrum of the rinsed film to a carboxylate stretch since it does not appear in either
the RAIRS spectrum of the MHDA SAM or the transmission spectrum of TPPAl-OMe.77
Although observation of both the symmetric and antisymmetric carboxylate stretches is
necessary to establish the binding mode of the carboxylate to aluminum,78 we propose a
unidentate coordination mode for this carboxylate in agreement with the crystal structure
reported for TPPAl-(benzoate).58 The major change that occurs upon rinsing is the loss
of absorption bands due to the methoxy group bound to aluminum (asCH3) at 2963 cm-1
and (C-O) at 1265 cm-1) in TPPAl-OMe. This loss confirms that physisorbed TPPAlOMe is completely removed by rinsing.
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Table 2.1. Assignments of selected absorption bands in the RAIRS spectra of an MHDA
SAM on gold, a TPPAl-OMe multilayer printed on the MHDA SAM, and a TPPAl-OMe
multilayer printed on the MHDA SAM after rinsing with dichloromethane.a

wavenumber (cm-1)
MHDA

As-printed

TPPAl-OMe

SAM

TPPAl-OMe

multilayer after

multilayer

rinsing

Assignment

as(CH3) (from Al-OMe)

2963
2917

2917

2917

as(CH2)

2849

2849

2849

s(CH2)

1742

1740

1739

(C=O) (free)

1709

1706

1709

(C=O) (H-bonded)

1607

1594

(C=C) (phenyl)

1510

1520

(C=O) (from Al-CO2-R)

1486

1488

(C-H) (pyrrole)

1297

1300

(C-O) (from C-OH of MHDA)

1303

1265

(C-O) (from Al-OMe)


a

Assignments taken from Yan, L.; Marzolin, C.; Terfort, A.; Whitesides, G. M.

Langmuir 1997, 13, 6704 and Thomas, D. W.; Martell, A. E. J. Am. Chem. Soc. 1959, 81,
5111.
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2.3.4. Pd/Sn Colloids Adsorb from Solution on TPPAl(carboxylate) Monolayers
The selective adsorption of Pd/Sn colloids on TPPAl-(carboxylate) monolayers
patterned on oxidized polymeric substrates – the foundation of selective ELD – was
established by UV-vis absorption spectroscopy (Figure 2.3). We exposed unmodified
oxidized polymeric substrates and oxidized polymeric substrates bearing a TPPAl(carboxylate) monolayer (formed using a flat PDMS stamp) to an aqueous solution of
Pd/Sn colloids for one minute and rinsed with water. The former substrates showed no
evidence of colloid adsorption in the UV-vis absorption spectrum; the latter substrates
showed the Soret band at 426 nm of the TPPAl-(carboxylate) monolayer riding on top of
the broad absorption continuum extending through the visible-ultraviolet range that is
characteristic of Pd/Sn colloids. After acceleration in 1 M HCl, the absorption due to the
Pd/Sn colloids diminished due to colloid loss during the acceleration process, which is
typically due to overetching of the Sn2+/Sn4+ shell,68-73 but the Soret band remains at 426
nm.
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Figure 2.3. UV-vis absorption spectra of two samples of TPPAl-(carboxylate)
monolayers on oxidized PET exposed to a solution of Pd/Sn colloids for 1 min. The first
sample was rinsed with water (red), then accelerated in 1 M HCl and rinsed with water
(blue). The second sample was rinsed with isopropanol (yellow), then accelerated in 1 M
HCl and rinsed with isopropanol (black).
Although the nature of the interaction between Pd/Sn colloids and the TPPAl(carboxylate) monolayer remains unclear, we were able to establish that Pd/Sn colloids
adsorb on an intact TPPAl-(carboxylate) monolayer. Exposure to HCl, present in both
the Pd/Sn colloid and accelerator solution, does not protonate the aluminum carboxylate
bond or the Al-N bonds of the aluminum porphyrin to liberate AlCl3 and leave
physisorbed H4TPP2+ on the surface. It is plausible that physisorbed H4TPP2+ could bind
Pd/Sn colloids: Chloride ions associated with the Sn2+/Sn4+ colloidal shell give Pd/Sn
colloids a net negative charge that inhibits aggregation and allows the colloids to be
electrostatically bound to cationic functional groups on a substrate.68-73 Two studies
eliminated this possibility:

First, rinsing TPPAl-(carboxylate) monolayers with

isopropanol after Pd/Sn colloid adsorption and after acceleration should easily remove
physisorbed H4TPP2+.

UV-vis absorption spectra show an increased loss of Pd/Sn

colloids relative to samples rinsed with water, but still exhibit the Soret band at 426 nm
(Figure 2.3). Second, a solution study that used TPPAl-(benzoate) as a model for surface
bound TPPAl-(carboxylate) showed no reaction with excess HCl. The 1H NMR spectrum
showed only the presence of unchanged TPPAl-(benzoate),58 with no trace of benzoic
acid or H4TPP2+.
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2.3.5. Pd/Sn Colloids Adsorbed to Microcontact-Printed TPPAl(carboxylate) Monolayers Initiate Electroless Metallization
Pd/Sn colloids adsorbed on patterned TPPAl-(carboxylate) monolayers initiate copper
metal deposition in the ELD solution. We used 2-cm2 PDMS stamps bearing an arbitrary
pattern with feature sizes ranging from 200 to 2 m to create TPPAl-(carboxylate)
monolayers on oxidized polymeric substrates. After adsorption of the Pd/Sn colloids and
acceleration, the samples were plated with copper by immersion in the copper ELD
solution for 3 - 5 minutes. Optical and scanning electron microscope (SEM) images
show that copper deposits exclusively within the printed regions for all oxidized
polymeric substrates in this study (shown in Figure 2.4 for selectively metallized oxidized
PET).76

Defects in the metallized patterns are limited to errors associated with

microcontact printing: Dust particles or air bubbles trapped between the stamp and
substrate prevent the deposition of TPPAl-(carboxylate), producing unmetallized voids;
collapse of recessed regions of the PDMS stamp deposits TPPAl-(carboxylate) in
unwanted areas, producing superfluous metallized areas. These defects can be avoided by
engineering the microcontact printing process, such as conducting the experiments in a
cleanroom to eliminate dust particles and incorporating nonfunctional support posts in the
PDMS stamp to prevent collapse.
Contact mode atomic force microscopy (AFM) studies of the copper films indicate that
a plating time of 3 minutes yields patterned copper films that are 40 nm thick. Longer
plating times yield thicker metal films, but > 5 minutes in the ELD bath resulted in the
formation of large, dome-shaped blisters and eventual delamination of the copper film.
The formation of blisters during copper ELD has been widely observed and is attributed
to incorporation of hydrogen gas that evolves during copper plating.79

Although

blistering can be remedied through manipulation of the ELD bath chemistry and
deposition temperature, keeping plating times < 5 min produced uniform, blister-free
copper films on oxidized polymeric substrates that we used for further characterization.
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Figure 2.4. Optical and SEM images of patterned copper films on oxidized PET. (a)
Optical image of an arbitrary copper pattern.
metallized substrate in (a).

(b) SEM image of a portion of the

In both images, the light areas are copper; these areas

correspond to the raised portion of the PDMS microcontact printing stamp.

2.3.6. Copper Wires Fabricated on Oxidized PEN are Resilient to
Mechanical Stress
Copper wires fabricated by selective ELD on flexible polymeric substrates retain their
conductivity even when subjected to substantial mechanical deformation. The average
resistivity of unstrained copper wires fabricated on flexible PEN substrates was 2.7 ± 0.27
 cm, which compares well with the reported resistivity for ELD copper (~2  cm).80
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Inducing tensile strain in the wire by bending the PEN substrate around cylinders with
radii decreasing from 12.5 mm to 500 m did not increase the resistivity (Figure 2.5),
indicating that the wires deform with the PEN substrate and that the testing process,
which subjected the wires to ~30 cycles of repetitive strain, did not induce metal fatigue.
We observed a modest increase in resistivity (to 4.3  cm) only when the PEN substrate
was creased, corresponding to a radius of curvature of ~100 m. Permanent damage to
the PEN substrate occurs before copper wires fabricated on the surface cease to function
electrically.
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Figure 2.5. Electrical characterization of copper wires fabricated on PEN.

(a)

Photograph of copper wires (l = 5.0 cm, w = 1.0 mm, h = 40 nm) fabricated on a 75-mthick PEN substrate. (b) Resistivity of copper wires (l = 1.0 cm, w = 1.0 mm, h = 40 nm)
as a function of bending radius.

We attribute the ability of copper wires on PEN to tolerate high tensile strain to strong
adhesion between the wire and the substrate. Strong adhesion is essential to strain
tolerance because it distributes the strain over the entire area of the wire, thus allowing
the wire and substrate to deform together. We tested the adhesion of copper films
deposited on oxidized polymeric substrates using the ASTM D3359B-02 tape test.67
There was no removal of copper after scoring the copper films into 1 mm x 1 mm
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squares, applying tape to the cut surface, and peeling it off. Copper films deposited on all
polymeric substrates achieved the highest ASTM adhesion classification (5B). This
strong adhesion is likely due to both chemical and mechanical adhesion: Chemical
adhesion is caused by strong bonds between the interfaces present in the film.

A

significant contribution to chemical adhesion may be from the TPPAl-(carboxylate)
monolayer, which is covalently bound to the oxidized polymeric substrate. Mechanical
adhesion is caused by physical interlocking between the metal film and a rough substrate.
Roughening of the polymeric substrates used in this work is a result of surface oxidation.
For example, the root-mean-square roughness of PET substrates increases from 0.96 nm
to 10.4 nm after oxidation, as measured by AFM (Figure S2.2).81

2.4. Conclusions
In conclusion, we have shown that TPPAl-OMe is an ideal material for the selective
electroless metallization of a wide range of polymeric substrates: It is inexpensive,
stable, compatible with native PDMS stamps, and it reacts quickly with surface
carboxylic acid groups to form robust TPPAl-(carboxylate) monolayers that are stable to
the harsh processing conditions of electroless copper deposition, particularly the low pH
of Pd/Sn colloidal catalyst solutions. The use of TPPAl-(carboxylate) monolayers as a
base for selective electroless metallization is also applicable to the selective electroless
deposition of other metals that are initiated by Pd/Sn colloids, such as nickel and cobalt.
Copper wires fabricated in this way exhibit remarkable adhesion to polymeric substrates,
allowing the copper/polymer to withstand substantial deformation without a negative
impact on electrical performance. This simple, inexpensive fabrication method is wellsuited to the fabrication of low-cost plastic electronic devices, such as flexible displays.
It is adaptable for use in the fabrication of large-area plastic electronic devices by simply
scaling up the size of the microcontact printing stamp.
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impact the adhesion of the copper likely indicates that the adhesion of copper
films is dominated by mechanical interlock to the rough polymeric substrate.
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2.6. Supporting Information
2.6.1. Procedures for the Preparation and Oxidation of Polymeric
Substrates
2.6.1.1. Polyethylene terephthalate and polyethylene naphthalate
PET and PEN substrates were sonicated in acetone for 5 min, dried then immersed in a
2 M NaOH solution at 70 °C for 30 min. The substrates were then immersed in acetic
acid at 70 °C for 15 min, rinsed with water, and then immersed in a 60 °C, 1.2 N H2SO4
solution containing 50 g L-1 KMnO4 for 1 h. The substrates were rinsed with water, then
immersed in 0.1 M HCl solution for 5 min, in water for 5 min, and in THF for 5 min, and
finally dried using a stream of nitrogen.
2.6.1.2. Polyimide
PI substrates were hydrolyzed in aqueous solution of 0.02 M NaOH and 0.4 M NaNO3
at 30 °C for 35 min. The substrates were neutralized by immersion in 0.1 M acetic acid,
extensively rinsed with water and then dried using a stream of nitrogen.
2.6.1.3. Polyethylene and polypropylene
PE and PP substrates were immersed in chromic acid solution(CrO3/H2O/H2SO4 =
29:42:29 by weight) at 72 °C for 5 min to oxidize the polymer surface. After removing
from the chromic acid solution, the substrates were rinsed three times with water.
2.6.1.4. Polytetrafluoroethylene
PTFE substrates were oxidized by immersion, with mild agitation, in commercially
available FluoroEtch solution (Acton Technologies, Pittston, PA)) at 50 °C for 60 s. The
substrates were then rinsed with isopropanol and acidic water for 60 s and dried using a
stream of nitrogen.
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2.6.1.5. Polymethylmethacrylate
PMMA substrates were sonicated for 10 min in a 50% aqueous isopropanol solution
and dried using stream of nitrogen. The PMMA substrates were then immersed in 3 M
sulfuric acid at 60 °C for 20 minutes to catalyze the conversion of terminal ester groups to
carboxylic acid groups. After removal, the PMMA substrates were rinsed with water and
isopropanol and dried using a stream of nitrogen
2.6.1.6. SU-8
SU-8 films were prepared using SU-8 2050 (MicroChem, Newton, MA) on silicon
(100) wafers as substrates. The silicon wafer was cleaned by sonication for 5 min in
acetone and then 5 min in methanol. After drying using a stream of nitrogen, SU-8 2050
was spin-coated onto the surface at 500 rpm for 10 s and then the speed was increased to
3000 rpm for 30 s to give a film thickness of approximately 50 m. The film was prebaked on a hotplate for 2 min at 65 °C and 7 min at 95 °C, and then exposed in a mask
aligner (Karl Suss MJB3 Mask Aligner) at 10 mW cm-2 at 365 nm for 20 s (total radiation
dose 200 mJ cm-2). After a post-exposure bake (1 min 30 s at 65 °C, then 6 min 30 s at
95 °C), the film was developed in SU-8 developer for 6 min with mild agitation. The SU8 films were then oxidized in an oxygen plasma using a Harrick plasma cleaner (Harrick
Plasma, Ithaca, NY) for 10 min on high.
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2.6.2. Supporting Figures and Tables
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Figure S2.1. RAIRS spectrum of a 16-mercaptohexadecanoic acid SAM on gold
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Figure S2.2. UV-vis absorption spectrum of a TPPAl-(carboxylate) monolayer covered
with a film of physisorbed TPPAl-OMe on oxidized PET before (red) and after (blue)
exposure to a solution of Pd/Sn colloids for 1 min.
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Figure S2.3. Contact-mode AFM images of native PET (left) and oxidized PET (right).
The root-mean-square roughness of the PET substrates increases from 0.96 nm for native
PET to 10.4 nm for oxidized PET.
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3.1. Introduction
Flexible displays of organic light-emitting devices (OLEDs) on lightweight plastics are
nearing commercial reality.1 Despite years of research and development, however, the
flexibility of these displays is still limited by reliance on the transparent conductor indium
tin oxide (ITO).2

ITO is universally used in rigid optoelectronic devices, but it is

completely unsuitable for flexible devices because it is a brittle ceramic. Here, we
describe a new transparent conductive coating of silver nanowires (AgNWs) embedded in
a transparent polyurethane optical adhesive (OA) that can be applied to a variety of
substrates – rigid glass, flexible polyethylene terephthalate (PET), and even elastomeric
polydimethylsiloxane (PDMS).

AgNW-OA coatings not only rival the conductivity

(sheet resistance < 20 /□) and transparency (> 85%) of ITO;3 they also surpass ITO in
flexibility and durability.

We demonstrate their use as electrodes in flexible light

emitting electrochemical cells (LEECs) and show that repeated bending does not affect
the device properties.
Devices fabricated on lightweight, flexible plastics open the way to thin, lightweight
displays, large-area lighting panels, and solar cells that can be rolled, folded, or mounted
on curved surfaces. Flexibility requires that each layer of these thin-film devices – metal
electrodes, transparent conductive electrodes (TCEs), active organic materials, and device
interconnects – function under bending strains. We cannot rely on the universal standard
TCE used in rigid optoelectronics – ITO – because it compromises both the electrical and
mechanical performance of flexible devices.

ITO films on glass boast low sheet

resistance (< 20 /□) and high transparency (> 85%); however, the sheet resistance of
ITO films on PET are higher (60 /□, 80% transparency) due to the low processing
temperatures required by plastic substrates.3 Furthermore, ITO films on flexible plastics
crack at relatively low bending strains (2 – 3%), and repeated bending leads to
catastrophic electrical failure.2 The onus is on the research community to develop drop-in
replacements for ITO that can deliver conductivity and transparency as good as ITO on
glass, combined with the ability to tolerate repeated cycles of bending. In response,
researchers are pursuing a number of alternative TCE materials to replace ITO, such as
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carbon nanotubes,4 graphene,5,6 conductive polymers,7-9 metallic grids,10-13 and metallic
nanowires.14-31
Many view AgNW films as the most promising replacement for ITO, but substantial
problems still hinder the adoption of these materials. AgNW networks deposited on
substrates by drop-casting,14,15 meyer rod coating,17,18 spray coating,19,20 and vacuum
filtration21,22 display optical and electrical properties similar to ITO and retain
conductivity while bent; however, there are two crucial drawbacks that limit the use of
these AgNW films in real devices. First, many of these techniques produce AgNW films
that are not adhered to the substrate, making them fragile and easily displaced.25 Second,
these AgNW films consist of an irregular pile of AgNWs with individual AgNWs
protruding > 100 nm from the surface. Since the films comprising thin-film devices are
often ~ 100 nm in thickness, protruding AgNWs provide pathways for electrical shorts
and thus are unsuitable for use as electrodes.15,18
Embedding AgNWs into polymer films is a promising way to improve adhesion and
reduce height variation at the surface. Two methods have been reported: The first
method embeds the AgNWs into the surface of specific polymeric substrates, such as
polyvinyl alcohol (PVA),25 or crosslinked polyacrylate.27 The second method embeds the
AgNWs in an uncrosslinked polymer layer, such as poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), on top of a plastic substrate.14

Both methods

produce AgNW composites with conductivity and transparency competitive with
ITO/PET or ITO/glass, low surface roughness of < 10 nm, and minimal increases in
resistance after bending.

Despite these impressive developments, these AgNW

composites cannot yet be called drop-in replacements for ITO. ITO is a coating that can
be applied to different substrates (e.g., PET, polyethylene naphthalate, polyimide),3 as
well as plastics treated with multilayer barrier coatings that are essential to reduce the
permeation of moisture and air, which degrade organic electronic materials and severely
limit operating device lifetime.32 ITO is also impervious to common solvents used to
deposit thin films of device materials by spin coating, making it compatible with low-cost
solution processing. In contrast, existing AgNW composite films each lack at least one of
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these important features. AgNW films embedded in specific polymer substrates will need
to be integrated with gas-impermeable plastics to be useful for practical flexible organic
electronics.

These polymer substrates also may not have the desired mechanical

properties. For example, polyacrylate substrates with embedded AgNWs must be heated
to above the glass transition temperature (110 °C) for them to be flexible or
stretchable.26,27 AgNWs embedded in uncrosslinked polymers such as PEDOT:PSS14 or
PVA25 also may not be compatible with solution processing of device thin films due to
possible dissolution of the polymer in the solvent.
Our approach to flexible and transparent electrodes is to fabricate a coating consisting
of an annealed AgNW film embedded in a transparent polyurethane optical adhesive that
can be applied to the substrate of choice.

The fabrication procedure is simple,

inexpensive, and uses commercially available materials, which makes the coatings easily
accessible as transparent electrodes for flexible device testing. The coatings are as
conductive and transparent as ITO/glass, with a low surface roughness (< 10 nm) that
makes them compatible with thin-film devices. Since optical adhesives are designed to
bond components together, AgNW-OA coatings adhere to a variety of target substrates.
We demonstrate AgNW-OA coatings on glass, PET, and PDMS substrates; these
coatings should also be applicable to the impermeable plastics necessary for practical
flexible electronics. Optical adhesives are crosslinked polymers, which imparts durability
and solvent resistance to the AgNW-OA coatings, making them essentially unaffected by
marring, scratching, or solvent exposure. They show a negligible increase in resistance
after bending to tensile strains as high as 76% or after 250 cycles of bending to 15%
tensile strain.

3.2. Experimental Section
3.2.1. Preparation of glass, PET, and oxidized PDMS substrates
Glass microscope slides (VWR) and PET films (Goodfellow, thickness = 75 m) were
cut into 2 cm x 2 cm squares, sonicated (Branson Model 3510) for 10 minutes in
deionized water, acetone, and then isopropanol, and dried under a stream of nitrogen.
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Clean PET films were adhered to a glass microscope slide using double sided tape (3M).
PDMS substrates were fabricated by casting liquid pre-polymer (Sylgard 184, Dow
Chemical) against flat polystyrene Petri dishes and curing overnight in a 60 °C oven.
Cured PDMS films were cut into 2 cm x 2 cm squares, removed from the Petri dish, and
oxidized in air plasma (Harrick Plasma) for 40 seconds. Oxidized PDMS substrates were
then rinsed with methanol and dried under a stream of nitrogen.

3.2.2. Fabrication of AgNW-OA films on glass, PET, and oxidized
PDMS
Silver nanowires with an average diameter of 90 nm and average length of 25 m
dispersed in ethanol (10 mg/mL, SLV-NW-90, BlueNano Inc.) were diluted to 0.025
mg/mL with ethanol, and then ultrasonicated for 45 seconds. The desired volume of
dilute AgNW solution was filtered through a piece of filter paper (Millipore Durapore
Hydrophobic 0.22 m) using a 25 mm outer diameter glass filter frit and a vacuum filter
holder. An unoxidized PDMS carrier substrate was then brought into contact with the
filter paper with slight pressure. Peeling off the filter paper transferred the AgNW film to
the PDMS carrier surface. AgNW films on PDMS carriers were annealed at 200 °C for 20
min on a hot plate, cooled to room temperature, and then cut to the desired size/geometry
(1 cm x 1 cm square for transmittance and sheet resistance, 1.5 cm x 0.2 cm strips for
bending experiments, and 1.5 cm diameter circles for durability testing and LEEC
fabrication) using a scalpel. A drop (5 L/cm2 of AgNW film) of optical adhesive (NOA
83H, Norland Optical) was then placed onto the surface of the AgNW film, and the target
substrate (glass, PET, or oxidized PDMS) placed on top. The adhesive was allowed to
spread for 1 minute, and then was cured under a 100 W mercury lamp for 15 minutes.
The PDMS carrier was then removed, leaving the AgNW-OA coating on the target
substrate.
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3.2.3. Fabrication of LEECs
AgNW-OA anodes were oxidized in an oxygen plasma for 45 seconds, and a
PEDOT:PSS (Heraeus Clevios P) layer was spin-coated at 1000 rpm for 1 minute on the
surface by sonicating aqueous PEDOT:PSS dispersion for 15 minutes, heating the
dispersion to 90 °C for 15 minutes, and diluting with 30 % isopropanol. The PEDOT:PSS
film was annealed on a hot plate at 100°C for 20 minutes. After cooling to room
temperature, a Ru(dtb-bpy)3(PF6)2 / PMMA emissive layer was deposited by spin-coating
a 3:1 v:v mixture of a 40 mg/mL solution of Ru(dtb-bpy)3(PF6)2 in acetonitrile and a 25
mg/mL solution of PMMA (Avg MW = 120 000) at 1500 rpm for 30 s. The film was
annealed in a vacuum oven at 120 °C overnight. A eutectic gallium indium (EGaIn)
cathode was deposited onto the surface of the Ru/PMMA film using a syringe, and then
sealed in epoxy resin.

3.2.4. Characterization
Optical inspection was performed using an Olympus BX51 microscope equipped with
an Olympus Q-Color3 camera. SEM images were collected with a Hitachi S-4500 field
emission SEM (Surface Science Western, London, ON, Canada). AFM images (40 m x
40 m) were collected using the dynamic force mode of a Park Systems XE-100 AFM
(Surface Science Western). AFM images (10 m x 10 m) were collected using the
tapping mode of a Digital Instruments Multimode AFM. Transmittance spectra were
recorded using a Varian Cary 50 UV-Visible spectrophotometer. Sheet resistance values
were measured using the four-point probe technique with a Keithley 2601 source meter
and EGaIn contacts, with a minimum of three measurements for each sample. Bending
experiments were performed by wrapping AgNW-OA films on PET or oxidized PDMS
around cylindrical objects with radii varying from 13.5 mm to 0.65 mm and measuring
the resistance of the film at each bending radius. A minimum of three measurements
were averaged for each radius. AgNW-OA films on PET were subjected to high tensile
strain by manually creasing the PET sheet to a radius of ~ 0.1 mm as measured by optical
microscopy. The adhesive tape test was performed by measuring the resistance of the
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AgNW-OA film on PDMS before and after adhering and peeling off a 1 cm x 2 cm piece
of tape (Permacel). The finger friction test was performed by measuring the resistance of
an AgNW-OA film on PDMS before and after continuous rubbing with a gloved finger
for 30 seconds. The solvent durability test was performed by measuring the resistance of
the AgNW-OA film on PDMS before and after immersion into H2O and EtOH for 6
hours. EGaIn contacts were removed using a scalpel prior to solvent immersion. After
immersion, new EGaIn contacts were placed onto the film and the resistance was
normalized to the new length. The repetitive clamping test was performed by measuring
the resistance of the AgNW-OA and ITO films on glass after a number of clamping and
unclamping cycles of the same area of the film with alligator clips. LEEC devices were
characterized using a Keithley 2601 source-measure unit to apply a DC bias voltage and
measure the current. Radiance was measured with a calibrated UDT S470 optometer
attached to an integrating sphere.

3.3. Results and Discussion
3.3.1. Fabrication of AgNW-OA Coatings
The process to fabricate AgNW-OA coatings on glass, PET or PDMS substrates
combines commercially available AgNWs with a polyurethane optical adhesive according
to Scheme 3.1. Vacuum filtering an AgNW dispersion in ethanol (0.025 mg/mL) through
hydrophobic filter paper produces a uniform AgNW film, which is then transferred to a
flat PDMS carrier substrate and annealed to fuse the AgNWs at their intersection points.16
We form AgNW coatings by depositing a drop (5 L/cm2) of optical adhesive onto the
surface of the AgNW film on the PDMS carrier, and then placing a target substrate (glass,
PET, or oxidized PDMS) on top. After curing the adhesive, the PDMS carrier substrate
easily peels away to leave the cured AgNW-OA coating adhered to the target substrate.
The PDMS carrier plays a significant role in the success of this process: First, PDMS can
tolerate the high temperatures (200 °C) required to anneal the AgNW film. Second, the
surface free energy of the PDMS carrier is ideal for both transfer processes.33 It is higher
than that of the hydrophobic filter paper, which allows the PDMS carrier to cleanly pick

96

Silver Nanowire/Optical Adhesive Coatings as
Transparent Electrodes for Flexible Electronics

up the AgNW network from the filter paper. It is also lower than that of the target
substrates (glass, PET, oxidized PDMS), which enables the release of the AgNW-OA
film from its surface to the target substrate. Finally, the PDMS surface provides a smooth
template for what is ultimately the surface of the AgNW-OA coating after transfer to the
target substrate.

PDMS carrier

AgNW film on
filter paper
Lift off AgNW film
with PDMS carrier

Anneal AgNW film
Apply optical adhesive

Apply target substrate
Cure optical adhesive

Remove PDMS carrier

Scheme 3.1. Process used to fabricate AgNW-OA coatings.

97

Silver Nanowire/Optical Adhesive Coatings as
Transparent Electrodes for Flexible Electronics

3.3.2. Optical and Electrical Performance of AgNW-OA Coatings
AgNW-OA coatings on all three target substrates are highly transparent and conductive.
A photograph of an AgNW-OA coating adhered to PDMS is shown in Figure 3.1a. By
simply varying the volume of the AgNW dispersion passed through the filter paper, we
prepared AgNW-OA coatings with sheet resistances of 4 /□, 9 /□, and 14 /□, and
transmittances at 550 nm of 81%, 86%, and 89%, respectively. Figure 3.1b shows the
transmission spectra for the AgNW-OA coatings on glass substrates, along with the
spectrum of a film of the optical adhesive on glass. A summary of the data for AgNWOA coatings on glass is provided in Table 3.1. The 4 /□ and 9 /□ coatings are as
conductive and transparent as ITO/glass and also surpass other AgNW films embedded
in polymers reported in the literature.14,21,25-27 We believe that the low sheet resistance
and high transparency exhibited by AgNW coatings is due to annealing the AgNW films,
which is known to reduce the sheet resistance. In addition, annealing gives the AgNW
film mechanical stability by fusing the AgNWs at their intersection points, allowing the
network to be transferred to the target substrate without disruption. Annealing is essential
to maintain the integrity of the AgNW network; without the annealing step, the resulting
AgNW-OA coatings are not conductive.
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Figure 3.1. Electrical and optical properties of AgNW-OA coatings. (a) Photograph of
an AgNW-OA coating on PDMS (14 /□). (b) Transmittance spectra of AgNW-OA
coatings on glass, with corresponding sheet resistances.

Table 3.1. Electrical and optical properties of AgNW-OA coatings on glass.
Rs (/□)

%T (at 550 nm)

14.1 +/- 1.6

89.2

8.8 +/- 0.5

86.3

3.9 +/- 0.2

80.5
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3.3.3. Structural Characterization of AgNW-OA Coatings
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) reveal that
AgNW-OA coatings are uniform and smooth.

Cross-sectional SEM images of an

AgNW-OA (4 /□) coating on glass (Figure 3.2a and 3.2b) show that the AgNW network
resides at the surface of a ~25-m-thick film of optical adhesive adhered to the glass
substrate. SEM views of the top of the film (Figure 3.2c and 3.2d) show a network of
interconnected AgNWs embedded in, and not protruding from, the optical adhesive
surface. AFM studies of AgNW-OA (9 /□) films formed on glass, PDMS, and PET
substrates showed that the films have similar root-mean-square (RMS) roughness values
(6.2 nm, 5.0 nm, and 7.5 nm, respectively) and maximum peak heights of ~30 nm (Figure
3.3), indicating that the coating roughness is essentially independent of the substrate. We
also compared how much the AgNWs protrude from the surface of an AgNW-OA (14
/□) coating on PDMS to AgNW films with a similar AgNW density deposited on a
silicon wafer by drop casting.34 The RMS roughness of the AgNW-OA film is 9.3 nm
(Figure 3.4a), which is an order of magnitude lower than that of the drop-cast AgNW film
(42.7 nm, Figure 3.4c). More importantly, AFM profile measurements (Figure 3.4b, d)
reveal that the variation in maximum height over the scan area for the AgNW-OA film (<
25 nm) makes these films suitable for use in thin-film devices. In contrast, AgNWs
protrude from the drop-cast film up to 150 nm from the surface of the wafer.
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Figure 3.2. Structural features of AgNW-OA coatings.

(a, b) Cross-sectional SEM

images of a freeze-fractured AgNW-OA coating on glass (4 /□). (c, d) SEM images of
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Figure 3.3 AFM images (z-scale = 150 nm) with root-mean-squared (RMS) roughness
measurements and corresponding profile measurements of AgNW-OA films (9 /□) on
(a, b) Glass; (c, d) PDMS; (e, f) PET.
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Figure 3.4 Comparison of surface roughness of AgNW-OA coatings and drop-cast
AgNW films. (a, b) AFM image and corresponding profile measurements of an AgNWOA (14 /□) coating on PDMS.

(c, d) AFM image and corresponding profile

measurements of an AgNW film on a silicon wafer formed by drop casting.

3.3.4. Resilience of AgNW-OA Coatings
AgNW-OA coatings are remarkably flexible. We measured the change in resistance of
AgNW-OA (4 /□) coatings on 75-m-thick PET and 1-mm-thick PDMS substrates at
various bending radii. A photograph of a bent AgNW-OA film on PDMS is shown in
Figure 3.5a, and Figure 3.5b shows a plot of the change in resistance versus the tensile
strain calculated according to the equation below:35
 = d / 2r
where  represents the tensile strain, d is the thickness of the substrate, and r is the
radiusof curvature. Remarkably, bending the films to radii as small as 0.65 mm produced
a negligible change in resistance for AgNW-OA coatings on both PET (strain = 5.8 %)
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and PDMS (strain = 76.9 %). The resistance of AgNW-OA films on PET increases less
than two-fold (R/R0 = 1.41 ± 0.03) when films are plastically deformed by creasing to a
radius of ~ 0.1 mm (37.5% tensile strain). In comparison, the resistance of ITO films on
PET drastically increases to 88x the original value at 2% tensile strain;27 that of AgNWs
embedded into a polyacrylate substrate increases by 3.9x at 16% tensile strain.27 We also
tested the ability of AgNW-OA coatings to tolerate repeated bending by measuring the
sheet resistance every 10 cycles for 250 cycles of 15% tensile strain (Figure 3.5c). We
measured the sheet resistance in two directions by orienting a four-point probe to inject
current parallel to, and then perpendicular to, the bending axis. Before bending, there
was no difference in resistance in the two directions; however, we observed anisotropy in
the resistance that increased with the number of strain cycles. After 250 cycles, the
resistance parallel to the bending axis increased to 1.9x the initial value, whereas the
resistance perpendicular to the bending axis decreased to 0.5x the initial value. We
speculate that bending causes alignment of the AgNWs perpendicular to the bending axis,
reducing the resistance.

Similar effects have previously been reported for AgNWs

deposited onto pre-stretched elastomeric substrates when the strain is released,36 and for
carbon nanotube fibers that have been embedded into a polymer matrix and uniaxially
stretched.37,38 Investigation of this possible alignment effect will be reported separately
as it is beyond the scope of the present work.
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Figure 3.5.

AgNW-OA coatings subjected to bending. (a) Photograph of a flexed

AgNW-OA coating (14 /□) on PDMS. The solid line indicates that axis of bending; the
dashed line indicates the perpendicular axis. (b) Change in resistance of AgNW-OA
coatings (4 /□) on PDMS as a function of increasing tensile strain. (c) Change in
resistance of AgNW-OA coatings (4 /□) on PET as a function of increasing tensile
strain. (d) Change in resistance of AgNW-OA coatings (4 /□) on PDMS with repetitive
cycles of 15% tensile strain measured with a four-point probe oriented to inject current
along the bending axis (squares) and along the perpendicular axis (diamonds).
AgNW-OA coatings adhere strongly to the underlying substrate and are durable to
marring, scratching, and solvent exposure. The AgNW-OA coatings pass the tape test
without a change in resistance or deposition of observable residue on the adhesive surface
of the tape. The resistance also remains constant after vigorous agitation with a gloved
finger for 30 seconds (Table 3.2). We repetitively clamped and unclamped alligator clips
with serrated edges to compare the effect of scratching on AgNW-OA coatings on glass
to ITO/glass. Figure 3.6a shows a photograph of the alligator clips used for the testing
clamped to an AgNW-OA film on glass; dark field optical micrographs in Figures 3.6b
and 3.6c show the scratches on an AgNW-OA film on glass and an ITO film on glass,
respectively, after 100 cycles of clamping and unclamping with the alligator clips. The
resistance of AgNW-OA coatings on glass after cycles of repetitive clamping and
unclamping of the same area of the film remained relatively constant through the testing
cycles; after 200 cycles there was essentially no change in the resistance (R/Ro = 1.23). In
contrast, the resistance of ITO films on glass showed greater variation in resistance with
the testing cycles and a trend of increasing resistance. After 200 cycles, the resistance of
the ITO film increased from 48  to 93 . Finally, we tested the effect of solvent
exposure on AgNW-OA coatings on PDMS by immersion in water and ethanol for six
hours. Similar to the other durability tests, solvent immersion had little effect on the
resistance of the coating (Table 3.2).
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Table 3.2. Change in resistance of AgNW-OA films (4 /□) on PDMS subjected to
durability tests
Adhesive Tape

R/Ro

1.02 +/- 0.02

Finger Friction

0.99 +/- 0.03

Immersion in Immersion in
Water

EtOH

0.93 +/- 0.10

0.97 +/- 0.15
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Figure 3.6 a) Photograph of serrated alligator clips clamping onto a AgNW-OA (4 /□)
coating on glass. b) Dark field optical micrograph showing ITO on glass after 100
clamping cycles. c) Dark field optical micrograph showing a AgNW-OA (4 /□) coating
on glass after 100 clamping cycles. d) Resistance of AgNW-OA (4 /□) coatings on
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glass (squares) and ITO on glass (diamonds) measured after repetitive cycles of clamping
and unclamping the same area with alligator clips.

3.3.5. Flexible, Light-Emitting Electrochemical Cells using
AgNW-OA Anodes
To demonstrate that the characteristics of AgNW-OA coatings make them well-suited
for use in flexible devices, we fabricated flexible LEECs using AgNW-OA (14 /□)
films on PDMS as the transparent anode and characterized the devices before and after
cycles of bending. We chose the LEEC as our test structure due to its simple device
architecture, which consists of a mixture of ionic and electronic conductors sandwiched
between two metal electrodes.39,40

The anode, cathode, and emissive layer support all

three processes of charge injection, charge transport, and emissive recombination due to
enhancement of charge injection that occurs at the electrodes.40-44 This enhancement
makes additional electron/hole injection, transport, and blocking layers unnecessary. The
simplicity of the LEEC architecture has previously been exploited in the fabrication of
intrinsically bendable and stretchable devices.27,30,45-47 We fabricated flexible LEECs
according to the device structure depicted in Scheme 3.2. The device consisted of the
AgNW-OA anode with a spin-coated layer of PEDOT:PSS on the surface. The emissive
layer was the ionic transition metal complex, Ru(dtb-bpy)3(PF6)2, dispersed in
poly(methyl methacrylate) (PMMA). A drop of liquid gallium-indium eutectic (EGaIn)
served as the cathode to complete the device.

Unstrained devices produced bright,

uniform emission over the entire area defined by the cathode. These devices continued to
emit light when bent to radii of 7.0 mm, 3.0, and 1.5 mm (Figure 3.7). We compared the
device characteristics of unstrained devices to devices subjected to 20 bending cycles of
25% tensile strain by recording the temporal evolution of current and radiance of the
devices during ten minutes of operation at 5 V in ambient conditions and calculating the
external quantum efficiencies (EQE) for the unstrained (Figure 3.8a and 3.8b) and
strained devices (Figure 3.8c and d). Both devices reached their maximum EQE by < 90
s, followed by a decay in radiance over the testing period due to ambient moisture that
degrades the ionic transition metal emitter.48 Maximum EQEs of unstrained (0.57%) and
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strained (0.82%) devices fall within the range of EQEs (0.4% - 0.9%) reported for LEECs
with same emissive layer, an ITO anode on glass, and a gold laminated top contact.49
Bending cycles thus do not negatively impact the device performance, indicating that the
strain does not damage the components of the flexible LEECs.
- Contact
+ Contact

EGaIn
Ru/PMMA
PEDOT:PSS
AgNW-OA on PDMS

Scheme 3.2 Diagram of the device test structure

a

b

c

2 mm

2 mm

2 mm

Figure 3.7.

Photographs of flexible LEECs fabricated with AgNW-OA (14 /□)

transparent anodes on PDMS, bent to radii of (a) 7.0 mm; (b) 3.0 mm; (c) 1.5 mm.

109

Silver Nanowire/Optical Adhesive Coatings as
Transparent Electrodes for Flexible Electronics

b

0.1

100
Radiance
Current

1
0

200
400
Time (s)

0.001

1
0.1
0.01

1E-05

600

c

0

200
400
Time (s)

600

0

200
400
Time (s)

600

0.1
100

0.001
Radiance
Current

1

1E-05

0

200
400
Time (s)

600

10
EQE (%)

10000

Radiance (W)

d
10

Current (A)

10
EQE (%)

10

10000

Radiance (W)

Current (A)

a

1
0.1
0.01

Figure 3.8. Characterization of unstrained devices and devices subjected to cycles of
tensile strain. (a) Temporal evolution of current (solid line) and radiance (dotted line) of
a typical unstrained device operated under a 5 V bias in ambient conditions.

(b)

Temporal evolution of EQE of a typical unstrained device operated under a 5 V bias in
ambient conditions. (c) Temporal evolution of current (solid line) and radiance (dotted
line) of a typical device after 20 bending cycles of 25% tensile strain operated under a 5 V
bias in ambient conditions. (d) Temporal evolution of EQE of a typical device after 20
bending cycles of 25% tensile strain operated under a 5 V bias in ambient conditions.

3.4. Conclusions
Finding transparent conductive films to replace ITO is a highly active field of research
that has generated a large body of literature. However, a successful replacement for ITO
in flexible electronics must combine a number of essential features – high transparency,
low sheet resistance, low surface roughness, good conductivity at high strains, and
durability to repetitive strain – as well as being inexpensive and simple to fabricate. We
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believe that AgNW-OA coatings can be instrumental in the development of flexible
electronic devices because these coatings not only possess all of the essential features;
they also use simple, commercially available materials in a straightforward and
inexpensive fabrication scheme that can be applied to different flexible substrates, which
potentially includes the highly impermeable plastics crucial to the development of
flexible organic electronics.

The ease of preparation and versatility of AgNW-OA

coatings means they can easily be adopted by other research labs as flexible transparent
electrodes to study new flexible electronic devices. Here, we have demonstrated their use
as transparent electrodes in LEECs to show that the crosslinked optical adhesive of
AgNW-OA coatings makes them compatible with the solvents used to fabricate the thinfilm devices. Currently, the ideal application for AgNW-OA coatings is in lab-scale test
structures due to the size of the AgNW-OA coatings that can be produced using the
method described here, which is limited by the size of the filtration apparatus used to
produce the initial AgNW network. We are currently developing methods to broaden the
applicability of AgNW-OA coatings beyond the research lab by producing large-area
AgNW networks that are compatible with our protocol for transferring and embedding in
optical adhesive.
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Templated Self-Assembly of Glass
Microspheres into Ordered Two-Dimensional
Arrays under Dry Conditions
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4.1. Introduction
This chapter describes a rapid, simple method for the self-assembly of ordered arrays of
100-m glass microspheres under dry conditions. We use a stream of nitrogen gas to
deliver the microspheres to a template that consists of drops of liquid adhesive patterned
on a solid surface; capillary bonds between the microspheres and the liquid drops hold the
array in place. The geometry of the template defines the pattern of the microsphere array,
which can be permanently fixed in place simply by curing the adhesive after selfassembly is complete. This work is the first example of a self-assembly process in which
capillary bonds are used under dry conditions; in contrast, previous methods have relied
on a liquid medium to suspend the components.1-2 The problem with wet conditions is
the potential incompatibility with electrically functional components, likely requiring the
use of special protective packaging.

The self-assembly method presented here is

experimentally simple and rapidly produces ordered arrays of 100-m glass microspheres
– simple models for electrically functional components – in a variety of 2D patterns over
2 cm2 areas. Categorizing the types of defects in these arrays and relating their frequency
to the density of binding sites in the template and the volume of the liquid adhesive drops
provides insight into the self-assembly process and allows the template parameters and
self-assembly conditions to be optimized, yielding 2D arrays with defect rates of ~ 4 – 5
%. We also demonstrate the versatility of this self-assembly method by manipulating the
template to enable the sequential deposition of two different types of glass microspheres
to produce ordered binary arrays.
Self-assembly is the spontaneous aggregation of components into larger, ordered
structures without external intervention. It is an attractive fabrication methodology for
two reasons: First, it creates arrays of components in parallel, making it faster and less
expensive than serial pick-and-place component distribution.

Second, a single self-

assembly process can yield structures that are difficult or impossible to fabricate using
conventional photolithography.3-5 Of the many types of forces that have been used to
drive self-assembly processes, capillary forces have been especially well-studied.1-2, 6-20
Capillary forces between components exist due to interactions between the menisci that
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form when components float on the surface of a liquid or are coated with a hydrophobic
liquid and suspended in water. These capillary forces drive the components together to
minimize the interfacial free energy of the system, resulting in the formation of capillary
bonds that are strong enough to hold nanometre-6-8, micron-9-10, or even millimetrescale11-12 components together. When liquid films of adhesive or solder are used, the
films can be solidified after self-assembly to yield permanent structures13-17 and electrical
connections.18-20 Self-assembly schemes using capillary forces have yielded both 2D6-12
and 3D13-20 structures in which the particles form close-packed lattices, thus minimizing
the free energy of the aggregate; however, these schemes do not provide control over the
spacing of particles in the structure.
Templates that guide the placement of components are an effective way to dictate the
final structure of self-assembled arrays.

Self-assembly processes based on capillary

forces have used surfaces bearing chemical patterns that define regions of differing
surface free energies to successfully place components into specific array structures.21-22
A typical experimental setup uses a template of adhesive drops fabricated by first
patterning

hydrophobic

(hexadecanethiol,

HDT)

and

hydrophilic

(1-

mercaptohexadecanoic acid) self-assembled monolayers (SAMs) on a gold film using
microcontact printing. Passing the patterned substrate through a film of adhesive floating
on water at a constant rate forms adhesive drops on the hydrophobic regions; this
template binds hydrophobic components suspended in water to yield 2D particle arrays.
The main drawback with self-assembly methods that rely on capillary forces is that they
have exclusively been used in schemes where the components are suspended in solution.
This approach reduces gravitational forces and provides a convenient way to deliver the
components to the template; however, wet conditions present a challenge for the selfassembly of electrically functional components, likely requiring encapsulation of the
components to protect them from damage. In addition, the adhesive used to form the
template must be less dense than water, eliminating many convenient photocurable
epoxies and polyurethanes.

Whitesides et al. have demonstrated dry self-assembly

methods that eliminate the use of capillary forces, instead using electrostatic forces
generated by an external applied electric field23-25 to order glass microspheres on a
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template. Although this method avoids the need for wet conditions, solidifying the
resulting self-assembled structures into mechanically stable structures requires the
transfer of the assembled structure into a secondary polymer matrix to provide
mechanical stability. This method is also limited to the assembly of a single type of
component across the template.
Our strategy for the self-assembly of extended 2D arrays uses gas flow to propel dry
components – 100-m glass microspheres – toward a template of patterned liquid
adhesive drops adhered to a solid surface. Microspheres that strike the dry portion of the
template simply bounce off; those that impinge upon a drop of adhesive are first wet by
the adhesive and then held in place via a capillary bond. This strategy combines three key
attributes: First, it avoids the need for a liquidous medium, instead using dry conditions
that are compatible with electrically functional components. Second, the capillary forces
that hold components in place allow the assembly to be handled without disturbing the
order of the array; the adhesive can then be cured to create a permanent structure. Third,
the fabrication of the template can easily be manipulated to enable the sequential
deposition of two different microsphere types to yield ordered binary lattices of
microspheres.

4.2. Experimental Section
4.2.1. Materials
All materials and chemicals were purchased from Aldrich used as received. Optical
Adhesives NOA 83-H, NOA 89, NOA 73, or NOA 74 were purchased from Norland
Products, Inc. (Cranbury, New Jersey).
Optical (Hatfield, Pennsylvania).

J-91 Epoxy was purchased from Summers

100-m glass microspheres (black and clear glass)

were purchased from Whitehouse Scientific (Waverton, Chester, UK). PDMS stamps
were prepared by casting PDMS prepolymer against photolithographic masters according
to published procedures.26
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4.2.2. Template Fabrication
Gold-coated silicon wafers were produced by depositing ~1 nm chromium as an
adhesion promoter, followed by ~20 nm gold in an e-beam evaporator. Microcontact
printing was used to pattern a hydrophobic HDT SAM on the gold surface. The pattern
consisted of unmodified 40-m squares distributed in the HDT SAM according to the
desired lattice geometry. The unprinted Cr/Au was removed by wet etching in a solution
of 1 M KOH, 0.1 M Na2S2O3, 0.01 M K3Fe(CN)6, and 0.0001 M K4Fe(CN)6 for 20
minutes to expose hydrophilic SiO2 squares.

A 0.5-mL drop of liquid adhesive (NOA

83-H, NOA 89, NOA 73, NOA 74, J-91 Epoxy) or molten polyethylene (PE, m.p. = 92
°C) was then applied to the patterned surface. Excess liquid was drained onto a paper
towel, leaving a template of liquid adhesive or PE drops.

4.2.3. Microsphere Self-Assembly
A filtration frit with 15 mm diameter was loaded with 100 mg of glass microspheres
(100 m diameter) and the template at a ~30° angle to the wall. A second filtration frit
was clamped to the top of the first one and dry nitrogen (2 psi) was blown through the
bottom frit for 1 minute. The microsphere array was removed from the apparatus.
Templates made with UV-curable adhesives were cured under a 100 W mercury vapor
lamp for 30 minutes. Templates made with PE were cooled to room temperature.

4.2.4. Fabrication of Binary Lattices of Microspheres
The template was fabricated from a substrate of SiO2 squares distributed in a
background of an HDT SAM on gold (described above). Microcontact printing was used
to transfer an OTS SAM to selected SiO2 squares by aligning an inked PDMS stamp by
hand under an optical microscope. Molten PE was then assembled on the unpatterned
squares and the template cooled to room temperature. The template was treated with an
air plasma to remove the OTS and HDT SAMs, and then the HDT SAM was re-formed
on the gold background by immersing the template in a 2 mM solution of HDT in ethanol
for one hour. NOA 83-H was deposited on the remaining SiO2 squares and then clear
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glass microspheres were assembled on these sites and the adhesive cured under a 100 W
mercury vapour lamp for 30 minutes. Black glass microspheres were then assembled on
the PE sites by heating the substrate to 100 °C during self-assembly to melt the PE.

4.2.5. Characterization
Optical inspection was performed using an Olympus BX51 microscope and a Leica
MZ6 stereomicroscope. Profiles of cured drops were measured using a Dektak 3
Profilometer.

4.3 Results and Discussion
4.3.1. Fabrication of the Template
The template for self-assembly uses an underlying surface patterned with hydrophilic
40-m squares distributed in a hydrophobic background to direct the deposition of a
liquid adhesive on the surface: The liquid wets regions with high surface free energy (the
hydrophilic squares) and dewets from the hydrophobic background. This process has
previously been used to fabricate arrays of microlenses27-29 and waveguides30 from liquid
prepolymers. The initial hydrophilic/hydrophobic surface can be patterned by simply
microcontact printing26 a HDT SAM on a gold film to form the hydrophobic background,
followed by removal of the unprinted Cr/Au using a ferricyanide/ferrocyanide wet
etchant31 to expose hydrophilic SiO2 squares. A ~0.5 mL drop of UV-curable liquid
adhesive (Norland Optical Adhesive (NOA) 83-H, 89, 73, or 74; Summers J-91 epoxy) or
molten polyethylene (PE) applied to the hydrophobic/hydrophilic patterned surface
initially covers the entire surface. Tilting the substrate and touching its edge to an
absorbent cloth allows the liquid to drain from the surface; the liquid dewets from the
hydrophobic background and remains on the hydrophilic squares, leaving a template of
liquid adhesive drops selectively adhered to the hydrophilic squares (Figure 4.1a).
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a)

Cr/Au Film

1. CP HDT background
2. Etch Cr/Au
HDT SAM on
Cr/Au
SiO2
1. Apply 0.5 mL adhesive
2. Tilt to dewet
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Figure 4.1. Fabrication of templates of liquid adhesive drops for self-assembly. a)
Schematic of the process used to fabricate an array of adhesive drops on hydrophilic SiO2
squares surrounded by a hydrophobic HDT SAM on gold, with optical micrograph of
NOA 73 assembled on a hexagonal lattice consisting of 40 m hydrophilic squares
distributed in a background of an HDT SAM on gold. b) Plot showing the approximately
linear relationship between adhesive viscosity and the height of adhesive drops deposited
on a template consisting of a square lattice of 40-m hydrophilic squares.
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We characterized templates fabricated according to Figure 4.1a using optical
microscopy and profilometry to determine how effectively liquid adhesive drops are
confined to the hydrophilic squares and the uniformity of drop profiles across the
template. Prior to inspection, the adhesive drops were solidified by exposing UV-curable
adhesives to UV light from a mercury vapour lamp (100 W); the UV-curable adhesives
exhibit only negligible volume and shape changes due to curing. Templates fabricated
from molten PE were simply cooled to room temperature to solidify the drops. Inspection
of the templates showed that drops of each type of adhesive uniformly fill the 40 m
squares across the substrate. Adhesives do not deposit on the hydrophobic background,
although occasional defects such as etch pits in the background gold film are sites for
unwanted adhesive deposition. These defects are caused by air bubbles or dust particles
that become trapped between the PDMS stamp and gold surface during microcontact
printing. Drop profiles measured at several different locations over 2-cm2 patterned
substrates showed nearly identical adhesive structures with heights that depend on the
viscosity of the liquid adhesive32 used to fabricate the template. For example, NOA 89
(viscosity 20 cps) produced structures with a mean height of 0.7 m, whereas NOA 83-H
(viscosity 250 cps) produced structures with a mean height of 3.2 m. In general, the
height of the deposited drops is controlled by properties of the liquid (viscosity, surface
tension, and density), variables associated with the coating procedure (the force pulling
the liquid film down during dewetting and the angular orientation of the hydrophilic
shapes with respect to the contact line of the dewetting liquid), and the geometry of the
patterned surface (feature width and periodicity).33 In our system, variables associated
with the coating procedure and pattern geometry are constant and the drop height is
controlled by the properties of the liquid adhesive. Although there is some variation in
surface tension and density of the liquid adhesives, differences in viscosity are more
significant. As the liquid adhesive dewets from the patterned surface, the viscosity of the
adhesive resists the flow of the adhesive across the tilted substrate due to gravity:
Adhesives with high viscosity resist this flow more strongly than adhesives with low
viscosity, resulting in the deposition of a larger volume of liquid on the squares. The
linear relationship between drop height (and hence the volume of adhesive deposited on
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the surface) and adhesive viscosity is graphically represented in Figure 4.1b. Controlling
the variables associated with template formation so that viscosity is the dominant factor
influencing drop volume is a simple way to access templates with specific drop volumes
and thus to evaluate the influence of adhesive drop volume on the quality of arrays of
glass microspheres self-assembled on the templates.

4.3.2. Self-Assembly of Glass Microspheres
We used the prepared templates for the self-assembly of dry glass microspheres with a
100 m diameter. A 2-cm2 template and the microspheres were placed in a cylindrical
glass chamber equipped at each end with a gas inlet/outlet and a fritted glass disc to
prevent the microspheres from escaping (Figure 4.2a). A stream of nitrogen (2 psi)
fluidized the microspheres, propelling them towards the template, which was held at a
30° angle to the chamber wall. Microspheres that strike an adhesive drop are wet by the
adhesive and held in place by a capillary bond; those that strike the background region of
the substrate simply bounce off. Self-assembly was complete after 1 minute; the array
could be then be removed from the chamber and handled without damage due to the
strong capillary bonds holding the microspheres in place. Curing the adhesive with UV
light resulted in permanent, mechanically stable structures. Figure 4.2 b – e shows selfassembled arrays of glass microspheres demonstrated using templates with four different
geometries: Arrays 1 and 2 (Figure 4.2b and 4.2c) are square lattices with distances
between adjacent binding sites of 100 m and 500 m, respectively. Arrays 3 and 4
(Figure 4.2d and 4.2e) are hexagonal lattices with distances between binding sites of 100
m and 500 m, respectively.
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a)
Filter frit

Template
with liquid
adhesive
drops
Glass
microspheres

N2 (2 psi)
b

c

250 m
d

500 m
e

250 m

500 m

Figure 4.2. Self-assembly of glass microspheres of 100 m diameter on templates of
liquid adhesive drops of NOA 73. a) Schematic of the experimental setup. The clamp
holding the upper and lower filtration frits together is not shown for clarity. b – e)
Optical micrographs of glass microspheres self-assembled on square lattice templates (b,
c), and hexagonal lattice templates (d, e).
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4.3.3. Defects in the Self-Assembled Structures
The self-assembled structures have defects that appear even if self-assembly takes place
over defect-free regions of the template, indicating that they arise during the selfassembly process.

There are two categories of defects in the self-assembled structures:

template binding sites lacking a bound microsphere (vacancies) and extra microspheres,
which deposit on either the hydrophobic background or a binding site already occupied by
a microsphere. We calculated overall defect rates (D), in percent, for arrays 1 – 4 formed
using adhesive drop heights of 0.7 m (Table 4.1) using Whitesides’ method23-25:
D = (d/s) x 100
where d is the number of defects and s is the number of sites. For each array, the number
of defects and the number of sites were counted over a 7 mm2 area of the template.
Defect rates are averages of rates computed using three random areas on at least three
different samples of each array. The defect rates for arrays with a dense packing of
microspheres (1 and 3) are ~50 % lower than defect rates for arrays with a lower packing
density (2 and 4). However, comparing defect rates for arrays with different packing
densities can be misleading because small numbers of defects have a greater impact on
defect rates for arrays with lower packing densities: For example, a single defect in a 7
mm2 area of array 1, which has 50 binding sites/mm2, corresponds to a defect rate of 0.29
%, whereas a single defect in the same area of array 2, which only has 4 binding
sites/mm2, corresponds to a defect rate of 3.6 %. Nonetheless, another contributing factor
to the discrepancy in defect rates may be the greater background area available between
binding sites in loosely-packed arrays 2 and 4, which can accommodate more unwanted
microspheres relative to the available background area in tightly-packed arrays 1 and 3.
We conducted a deeper investigation into this defect rate discrepancy by determining
defect rates for each defect category for arrays 1 and 2 assembled on templates comprised
of three different drop heights (Table 4.1). The detailed defect rate data for array 2 show
that additional microspheres indeed dominate the overall defect rate and the defect rate
due to additional microspheres increases dramatically as the adhesive drop height is
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increased.

Although this increase is much less dramatic for array 1, additional

microspheres still account for the majority of defects in these arrays.
The detailed defect rate study leads to two insights into the self-assembly process:
First, the minor contribution that vacancies make to overall defect rates, regardless of the
template geometry or adhesive drop height, indicates that the self-assembly process
effectively delivers microspheres to the template that are held in place by capillary bonds.
Second, the prevalence of extra microspheres in the absence of defects in the template
indicates that the primary mechanism for defect formation must involve the redistribution
of liquid adhesive during the self-assembly process.

Control experiments using a

“template” of an HDT SAM on gold without adhesive do not result in adhesion of glass
microspheres to the surface, indicating that extra microspheres deposited in the
background are held in place with adhesive. We believe the redistribution of adhesive
occurs either when microspheres impinge on a liquid adhesive drop and bounce off,
taking adhesive with them, or when they collide with a microsphere already bound to the
template and knock it away.

In either case, adhesive is transferred to mobile

microspheres which may then collide with and adhere to background areas of the
template. This hypothesis is supported by the observed increase in defect rates for array 2
as the adhesive drop height is increased: As the volume of adhesive increases, there is
more adhesive available for redistribution. We do not observe the same defect rate
increase in array 1, which we attribute to the dense packing of microspheres in this array
geometry that limits the binding of additional microspheres.
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Table 4.1. Defect Rates[a] for Arrays 1 – 4 showing the effect of adhesive drop height and
template geometry.

Array

Adhesive Drop

Defect Rate

Defect Rate

Overall

Geometry

Height (m)[b]

(Vacancies)

(Extra Microspheres)

Defect Rate

(%)[c]

(%)[c]

(%)

1

0.7

0.2

4.0

4.2

1

1.8

0.5

3.8

4.3

1

3.2

0.2

4.8

5.0

2

0.7

0.4

8.7

9.1

2

1.8

0.0

28.4

28.4

2

3.2

2.3

49.5

51.8

3

0.7

-

-

5.3

4

0.7

-

-

10.8

[a] Average defect rates determined using defect counts from a 7-mm2 area of each array,
repeated for three random areas on a minimum of three arrays, calculated using
Whitesides’ method.23-25
[b] 0.7 m drops fabricated using NOA 89, 1.8 m drops fabricated using NOA 73, and
3.2 m drops fabricated using NOA 83-H
[c] Not obtained for arrays 3 and 4
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The defect rate study indicates that two modifications to the self-assembly process may
reduce overall defect rates by preventing the redistribution of adhesive that leads to the
inclusion of additional microspheres in the array. First, reducing the volume of adhesive
drops comprising the template effectively lowers the defect rate. In this work, we have
reduced this volume by simply reducing the viscosity of the adhesive. This approach
does not allow optimization of the drop volume because adhesives with specific
viscosities are not generally available. A better approach will be to reduce the area of the
binding site, which will reduce the drop volume and may also reduce the incidence of
multiple microspheres becoming bound to a single binding site. The second modification
is the reduction of the kinetic energy of the microspheres, which must be low enough so
that collisions between the microsphere and either an adhesive drop or a microsphere
already bound to an adhesive drop do not result in redistribution of the adhesive. We
have used the minimum gas pressure necessary to deliver the microspheres to the
template in the self-assembly chamber. It is possible to reduce the kinetic energy of the
microspheres further by lowering the nitrogen pressure; this modification will require
redesigning the self-assembly chamber to bring the template closer to the microspheres.
We envision a chamber in which the template is suspended parallel to the filtration frit
holding the microspheres. In this way, the distance between template and microspheres,
as well as the nitrogen pressure, could be optimized to produce arrays with low defect
rates.

4.3.4. Fabrication of Binary Lattices of Microspheres
The dry self-assembly approach can be extended to fabricate binary lattices of two
different particle types. There are few reported methods to integrate two different particle
types in self-assembled arrays.

Methods that use capillary forces between particles

floating at a liquid-liquid interface34 or contact electrification35 between particles made of
two different polymers produce only close-packed arrays. Other methods rely on the
fabrication of sophisticated templates that integrate addressable electrical connections36
or resistive heaters37 to sequentially activate selected binding sites; a two-step selfassembly process yields the binary array.

Our approach also uses the sequential
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activation of binding sites and two-step self-assembly, but it benefits from simple and
inexpensive template fabrication (Figure 4.3a). Beginning with hydrophilic SiO2 squares
distributed in a hydrophobic HDT-covered gold background, we use microcontact
printing of octadecyltrichlorosilane (OTS) to render selected SiO2 squares hydrophobic
via formation of an OTS SAM. These squares are now “inactive”: Application of molten
PE gives a template with PE drops assembled only on the unprinted SiO2 squares. After
solidifying the PE by cooling to room temperature, the OTS SAM is removed using air
plasma and the HDT SAM is reformed on the gold background to render it hydrophobic.
Since the solidified PE is also hydrophobic, subsequent application of the liquid adhesive
NOA 83-H results in deposition only on the remaining hydrophilic SiO2 squares. Selfassembly of microspheres takes place in two steps; we used two colors of glass
microspheres to illustrate this process. First, clear glass microspheres are assembled on
the liquid NOA 83-H binding sites and the adhesive cured using UV light. Second, black
glass microspheres are assembled on the PE binding sites by heating the substrate during
self-assembly to melt the PE. After cooling to room temperature, the self-assembled
binary array is mechanically stable (Figure 4.3b).
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a)

PDMS stamp inked
with OTS

SiO2
Cr/Au/HDT
Remove stamp

SiO2/OTS

Assemble PE, cool to RT

PE
1. Air plasma
2. 2.0 mM HDT in EtOH
3. Assemble NOA 83-H
NOA 83-H

b

50 m

Figure 4.3. Self-assembly of a binary lattice of microspheres. a) Schematic of the
process steps. b) Optical microscopy image of a hexagonal array fabricated from clear
and black glass microspheres (100-m diameter) deposited along diagonal lines. Note
that there is some variation in the size of the microspheres.
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4.4. Conclusions
Our method for the self-assembly of microsphere arrays has several notable strengths:
It is a rapid, economical way to generate component arrays and is potentially scalable to
enable the self-assembly of large-area arrays. It uses dry conditions, making the process
compatible with electrically functional components, in combination with capillary bonds
to hold components in place and prevent misalignment of microspheres caused by
handling. It uses a template to direct the self-assembly of the microspheres. This
template can be designed to yield arrays of any geometry and can even be “encoded” to
enable the self-assembly of two different particle types in a binary lattice. The main
drawback to our self-assembly method is the incorporation of additional microspheres in
the arrays, which causes high defect rates. We believe this problem can be solved via
optimization of adhesive volume and microsphere kinetic energy.
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5.1. Introduction
In this chapter we demonstrate that the morphology of the underlying gold substrate
dictates the mode of head group binding and alkyl chain organization in new selfassembled monolayers (SAMs) of dialkyldithiophosphinic acids (dialkyl-DTPAs).
Dialkyl-DTPA molecules are useful industrially as selective collectors for the flotation
separation of precious metals from sulfide ores;1 however, little is known about their
ability to form SAMs on coinage metal surfaces.2-4 As adsorbates, these molecules have
two potential binding modes to gold surfaces: In the monodentate structure, the dialkylDTPA molecule is anchored by a single Au-S interaction; in the bidentate structure, a
second Au-S interaction anchors the molecule at two points (Scheme 5.1). An important
feature of the bidentate structure is the resonance generated between the two sulfur
atoms,3 making this binding mode applicable to molecular electronics.

Here, we

demonstrate that dihexadecyl-DTPA ((C16)2DTPA) molecules form stable SAMs on gold;
furthermore, the roughness of the underlying gold surface is the cause of monodentate
binding in the SAMs.

Reducing the roughness of the gold substrate eliminates

monodentate binding to produce SAMs in which all molecules exhibit the resonant
bidentate structure.

These morphology-induced differences in head group binding

produce SAMs with distinctly different alkyl chain organizations, wettabilities, frictional
responses, barrier properties, thickness, and thermal stabilities.

Scheme 5.1. Dialkyldithiophosphinic acid bound to a gold surface. (a) Monodentate
binding. (b) Bidentate binding.
a)

b)

R

R

Au

R

R

Au
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Gold films deposited by e-beam evaporation (As-Dep gold) are composed of a layer of
contiguous grains with a dominant (111) texture.5

Scanning tunneling microscopy

(STM)6,7 and atomic force microscopy (AFM)8,9 studies have shown that although the
tops of the grains are atomically flat, these terraces are relatively small and are separated
by deep grain boundaries composed of atomic steps. These structural features lead to
large root-mean-square (RMS) roughness values (30-50 Å).7-9 When n-alkanethiolate
SAMs are formed on As-Dep gold substrates, these atomic steps cause misalignment of
adjacent alkyl chains and a consequent disruption of interchain van der Waals
interactions.5 In contrast, gold substrates produced by a process known as template
stripping present a surface composed of larger, flatter grains; atomically-flat terraces
possess diameters of 50-500 nm that differ by only 3-5 atomic steps in height.8-11 This
surface morphology results in a lower density of atomic steps and a lower RMS
roughness (~ 3 Å) than As-Dep gold substrates. n-Alkanethiolate SAMs formed on
template-stripped (TS) gold substrates exhibit better alignment of neighboring alkyl
chains, which reduces the contact angle hysteresis.12,13 Furthermore, forming molecular
tunnel junctions using TS substrates reduces the large variance in junction resistance
measurements and the incidence of failed junctions that is problematic with those formed
using As-Dep substrates.14,15
Despite the influence of metal substrate morphology on n-alkanethiolate SAMs, there
is a lack of research on how substrate morphology affects the binding and structure of
SAMs comprised of adsorbates with head groups that are more complex than simple nalkanethiols.

On As-Dep metal substrates, the question is whether the deep grain

boundaries disrupt optimal binding of the headgroup. For chelating adsorbates, this
disruption may produce SAMs that incorporate monodentate adsorbates, which has an
important consequence for molecular electronic devices:

Monodentate species will

diminish the molecule-metal coupling and consequently the electrical conductance.16
High-resolution x-ray photoelectron spectroscopy (HR-XPS) of the S 2p spectral region
of SAMs of chelating molecules such as dithiols,17,18 trithiols,19,20 dithiocarbamates,16,21-23
dithiocarboxylic acids,24 and xanthates25 on As-Dep gold shows that these adsorbates
chelate to the As-Dep gold surface, although this confirmation is difficult due to
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problems with the low relative intensity of signals from surface-adsorbed species,
resolution, and attenuation of the S 2p signal by the alkyl layer. Higher resolution and
better signal-to-noise are achievable with synchrotron HR-XPS, which was used to
establish that in SAMs of the chelating adsorbate di-isoamyl dithiophosphate (DTP) on
As-Dep gold, a significant portion of surface-adsorbed species (40%) are monodentate.26
Although the presence of monodentate adsorbates in these SAMs may be due to the
geometry or steric demands of the DTP headgroup and alkyl substituents, the hypothesis
that the morphology of the gold substrate plays a role in determining how the adsorbates
bind to gold has not been tested. Here, we use a combination of techniques – HR-XPS,
reflection-absorption infrared spectroscopy (RAIRS), contact angle measurements, lateral
force microscopy (LFM), and electrochemical impedance spectroscopy (EIS) – to
compare SAMs of chelating (C16)2DTPA molecules formed on both As-Dep and TS gold.
We show that for these adsorbates, the different surface morphologies of As-Dep and TS
gold produce SAMs with distinctly different properties. To our knowledge, this is the
first study of the influence of substrate roughness on the structure of SAMs formed from
chelating adsorbates.

5.2. Experimental Section
All chemicals were purchased commercially and used as received.

Anhydrous

tetrahydrofuran (THF), diethyl ether, and toluene were obtained from an Innovative
Technologies solvent purification system.
PDMS

prepolymer

procedures.

27

against

PDMS stamps were prepared by casting

photolithographic

masters

according

to

published

Nuclear magnetic resonance (NMR) spectroscopic data were obtained and

recorded on a Bruker Avance 300 MHz, a Bruker Avance 300 MHz Ultrashield or a
Bruker Avance 500 MHz spectrometer at room temperature and reported in ppm.
NMR spectra were referenced externally to 85% H3PO4 ( = 0 ppm).
were referenced to residual proton peaks of CDCl3 ( = 7.27 ppm).

31

P

1

H NMR spectra

13

C NMR spectra

were referenced to residual carbon peaks of CDCl3 ( = 77.0 ppm).
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5.2.1. Dihexadecylphosphine Oxide
Magnesium turnings (2.0 g, 0.082 mol), 30 mL of anhydrous THF, and a crystal of
iodine were added under nitrogen to a 250-mL, 3-neck round-bottom flask equipped with
an addition funnel, a reflux condenser, and a gas adapter. 1-bromohexadecane (82.27
mmol) was then added dropwise, with stirring. After the mixture was refluxed overnight,
it was cooled to room temperature and diethylphosphite (2.65 mL, 20.57 mmol) in 2.5
mL of anhydrous THF was added dropwise (Note: The addition of diethylphosphite is
very exothermic; its addition to the reaction mixture must be done with caution). The
solution was refluxed overnight, and the mixture was then cooled to room temperature
and then it was slowly poured with stirring into 40 mL of 3 M hydrochloric acid. The
THF was removed in vacuo, and then 40 mL of chloroform were added. After separation
of the chloroform layer from the aqueous phase, the chloroform layer was washed with
~40 mL distilled water three times and dried with anhydrous Na2SO4. The solvent was
evaporated under vacuum to yield dihexadecylphosphine oxide quantitatively.

31

P{1H}

NMR (CDCl3, 202 MHz, 298 K):  35.7. 1H NMR (CDCl3, 500 MHz, 298 K):  6.89 (d,
|1JP-H| = 445 Hz, 1H, P-H), 1.86–1.70 (m, 4H, CH2), 1.64–1.52 (m, 4H, CH2), 1.44–1.41
(m, 4H, CH2), 1.33–1.26 (m, 48H, CH2), 0.88 (t, |3JH-H| = 6.93 Hz, 6H, CH3).

13

C{1H}

NMR (CDCl3, 126 MHz, 298 K):  31.9 (s, CH2), 30.7 (d, |3JP-C| = 13.2 Hz, CH2), 29.3
(s, CH2), 28.4 (d, |1JP-C| = 63 Hz, CH2), 22.7 (s, CH2), 21.7 (s, CH2), 14.1 (s, CH3).
Melting point range: 80–85°C.

5.2.2. Dihexadecyldithiophosphinic Acid ((C16)2DTPA)
Dihexadecylphosphine oxide (1 g, 2.0 mmol) and LiAlH4 (0.228 g, 6.01 mmol) were
added under nitrogen to a 250-mL, 3-neck round bottom flask equipped with a gas
adaptor, a reflux condenser and an addition funnel. 40 mL of anhydrous diethyl ether
was then added dropwise, and the mixture refluxed overnight. The mixture was cooled to
room temperature, and 40 mL of 3 M hydrochloric acid was added dropwise (vigorous
bubbling occurs). After the bubbling ceases, a syringe equipped with a needle was used to
remove the aqueous phase. Sulfur (0.129 g, 4.01 mmol) was then added to the organic
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phase, followed by 40 mL of 3.5 M ammonium hydroxide solution. The mixture was
heated to 50°C overnight and then cooled to room temperature. The organic phase was
separated from the aqueous phase, acidified by slowly adding 20 mL of 6 M HCl
solution, washed with distilled water three times, and dried over Na2SO4. The ether was
removed by evaporation under vacuum and the product recrystallized from ethanol.
Yield: 80%.

31

P{1H} NMR (CDCl3, 202 MHz, 298 K):  70.8. 1H NMR (CDCl3, 500

MHz, 298 K): 2.17–2.08 (m, 4H, CH2), 1.73 (m, 5H, CH2, SH), 1.43–1.41 (m, 4H, CH2),
1.32–1.30 (m, 48H, CH2), 0.87 (t, |3JH-H| = 6.92 Hz, 6H, CH3).

13

C {1H} NMR (CDCl3,

126 MHz, 298 K):  38.8 (d, |1JP-C| = 50.3 Hz, CH2), 31.8 (s, CH2), 30.3 (d, |3JP-C| = 16.9
Hz, CH2), 29.3 (s, CH2), 22.9 (d, |2JP-C| = 4.39 Hz, CH2), 22.6 (s, CH2), 14.0 (s, CH3).
Melting point range: 35–40°C. Anal. Calcd for C32H67PS2: C: 70.3%; H: 12.3%; P:
11.7%; S: 5.6%. Found: C: 70.9%; H: 12.3%; P: 11.1%; S: 4.8%.

5.2.3. Gold Substrate Preparation
As-Dep gold films were produced by depositing 2 nm titanium as an adhesion promoter
followed by ~200 nm gold onto silicon wafers using an e-beam evaporator. TS gold
films were prepared according to published procedures.8 400 nm of gold was deposited
onto silicon wafers, then a small drop (10 μL) of Norland Optical Adhesive 83-H was
applied to the gold surface followed by a 2 cm x 2 cm glass substrate. After curing the
adhesive using a UV lamp for 10 minutes the glass slide was stripped from the silicon
wafer using a scalpel. Both As-Dep and TS gold films were used immediately after their
fabrication to form SAMs to minimize surface contamination.

5.2.4. SAM Formation
Approximately 2 cm x 2 cm As-Dep and TS gold substrates were immersed into a 1
mM (C16)2DTPA solution in anhydrous toluene or a 1 mM hexadecanethiol (C16SH)
solution in anhydrous ethanol for 24 hours. Substrates were then removed from solution,
rinsed with anhydrous toluene (for (C16)2DTPA SAMs) or anhydrous ethanol (for C16SH
SAMs), and dried under a stream of nitrogen.
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5.2.5. Sample Preparation for Lateral Force Microscopy
Microcontact printing of C16SH onto gold substrates was carried out according to
published procedures27 using a PDMS stamp bearing 10-m-wide raised lines separated
by 10-m-wide recesses. Printed gold substrates were rinsed with anhydrous ethanol,
dried using a stream of nitrogen, and placed into a 2 mM toluene solution of (C16)2DTPA
for 15 minutes. Substrates were removed from the solution, rinsed with anhydrous
toluene and anhydrous ethanol, and dried under a stream of nitrogen.

5.2.6. Atomic Force Microscopy (AFM) and Lateral Force
Microscopy (LFM)
AFM and LFM images were obtained using a Digital Instruments Multimode atomic
force microscope run in contact mode. Veeco type SNL (Silicon-tip on Nitride Lever)
cantilevers were used with a nominal tip radius of 2 nm and a nominal force constant of
0.12 N/m. The back side of the cantilever was coated with 45 +/- 5 nm of Ti/Au. AFM
images were collected over a 1 μm x 1 μm scan area using a scan rate of 0.5 Hz and a
scanning resolution of 512 samples/line. LFM images were collected over a 75 μm x 75
μm scan area using a scan rate of 1.0 Hz, a scanning resolution of 512 samples/line, and a
constant force of ~0.1 nN. Images were collected using Nanoscope 6 software, and
processed using WSxM 5.0 Develop 1.0 software.28

5.2.7. X-Ray Photoelectron Spectroscopy (XPS)
XPS spectra were collected at Surface Science Western (London, Ontario, Canada)
using a Kratos Axis Nova X-ray photoelectron spectrometer with a monochromatic Al
Kα source. The detection limit of the instrument is 0.1 – 0.5 atomic percent. Both survey
scan and high resolution analyses were carried out over a 300 μm x 700 μm scan area.
Survey scan analyses were carried out with a pass energy of 160 eV, and high resolution
analyses were carried out with a pass energy of 20 eV. Samples were analyzed at a 30
degree take-off angle (60 degree tilt). On both As-Dep and TS gold substrates, high
resolution phosphorus line shapes were fit using one pair of spin-orbit split components
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(2p3/2 and 2p1/2) assuming a Gaussian:Lorentzian (70%:30%) line shape and a fixed
splitting energy of 0.84 eV with a 2:1 area ratio.29 High resolution sulfur line shapes
were fit using two pairs (As-Dep gold) or one pair (TS gold) of spin-orbit-split
components (2p3/2 and 2p1/2) assuming a Gaussian:Lorentzian (70%:30%) line shape and
a fixed splitting energy of 1.18 eV with a 2:1 area ratio.29

5.2.8. Infrared Spectroscopy
Reflection-absorption infrared (RAIR) spectra were collected using a Bruker IFS 66/v
spectrometer equipped with an MCT detector and Harrick Autoseagull accessory. The ppolarized light was incident at 85˚ from the surface normal; 1024 scans were collected at
a resolution of 2 cm-1.

5.2.9. Contact Angle Measurements
Water and hexadecane contact angles were measured using the sessile drop method on
a Rame-Hart contact angle goniometer. A minimum of three drops from three samples
were averaged.

5.2.10. Electrochemical Impedance Spectroscopy (EIS)
EIS spectra were collected using a BAS-Zahner IM6 ex impedance unit. A glass cell
equipped with a calomel/saturated KCl reference electrode and a 1.0 mm Pt wire counter
electrode was clamped to the working electrode, a 0.95-cm2 area of the SAM on gold,
and then filled with an aqueous solution of 1mM K3Fe(CN)6, 1mM K4Fe(CN)6·3H2O and
10 mM Na2SO4. The measurements were made at an open circuit potential set at 450 mV
with a 10 mV ac perturbation that was controlled from 3.0×10-2 to 1.0×105 Hz. SAM
resistance and capacitance values were normalized to the area of the working electrode.

5.2.11. Thermal Desorption
Gold substrates bearing (C16)2DTPA or C16SH SAMs were immersed into 50 mL of
decahydronapthalene at 70 ˚C. The decahydronapthalene was stirred intermittently to
maintain the desired temperature within +/- 2 ˚C, but not stirred while substrates were
immersed. After the required immersion time, substrates were removed, immediately
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rinsed with anhydrous ethanol, and dried under a stream of nitrogen. Contact angles were
measured immediately after drying. A new substrate was used for each immersion time
(i.e., substrates were not re-used after measuring contact angles), and a minimum of three
measurements for each immersion time were averaged.

5.3. Results and Discussion
5.3.1. Gold Substrate Fabrication and SAM Formation
We prepared As-Dep gold films by e-beam evaporation on silicon wafers and TS gold
films

by template-stripping8

for

use

as

substrates

for

(C16)2DTPA

SAMs.

Characterization of the substrates by contact-mode AFM (Figure 5.1) showed the
differences in surface morphologies of these two substrates. The As-Dep gold surfaces
consisted of grains with an average size of ~50 nm, separated by boundaries as deep as
10 nm (Figure 5.1a). In contrast, the surface of TS gold is composed of large grains that
range in size from 200-500 nm. The AFM cross-sectional profile of a 200-nm grain
(Figure 5.1b) shows that the grains are separated by grain boundaries < 2 nm in depth.
These different surface morphologies produce RMS roughness values of 27 Å for As-Dep
gold surfaces and 5 Å for TS gold surfaces.
For SAM formation, As-Dep gold substrates were used immediately after removal
from the e-beam evaporator and TS gold substrates were used immediately after
template-stripping to minimize contamination of the gold surface. We used a modified
synthetic route derived from Guoxin et al.30 to prepare (C16)2DTPA in 80% yield and
formed (C16)2DTPA SAMs on As-Dep and TS substrates by immersing the substrates in
1 mM (C16)2DTPA solutions in toluene for 24 hours.
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Figure 5.1. AFM topographic images recorded in contact mode of the (a) As-Dep gold
film and (b) TS gold film. In both images the vertical scale is 20 nm. The white line
shows the region that corresponds to the cross-sectional-profile depicted beside each
image.

5.3.2. (C16)2DTPA Head Group Binding on As-Dep and TS
Substrates
XPS survey scans of (C16)2DTPA SAMs on both As-Dep and TS substrates detected
gold as well as the elements comprising the (C16)2DTPA adsorbates (carbon, phosphorus,
and sulfur) (Figure S5.1). The appearance of the O 1s line in both survey spectra
indicates that SAM formation does not prevent the adsorption of a small amount of
oxygen-containing species; however, HR-XPS spectra of the S 2p region of both SAMs
did not show peaks due to oxidized sulfur species,31,32 indicating that the (C16)2DTPA
adsorbate is not oxidized. HR-XPS of the S 2p region of the (C16)2DTPA SAM on AsDep gold (Figure 5.2a) showed a complex line shape that we fit using two pairs of spinorbit-split components (S 2p3/2 and S 2p1/2) by assuming a Gaussian:Lorentzian
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(70%:30%) line shape and a splitting energy fixed at 1.18 eV.29 In contrast, the HR-XPS
spectrum of the S 2p region on TS gold (Figure 5.2b) showed a simpler line shape that we
fit using only one spin-orbit-split pair.

The binding energies and the relative

concentrations of the sulfur species for SAMs on As-Dep and TS gold are listed in Table
5.1. Previous XPS studies of sulfur-containing SAMs on gold have clearly demonstrated
that the electronic environment of the sulfur atom and the nature of the interaction
between sulfur and gold surface atoms affect S 2p binding energies.33,34 Based on these
studies, we assign the S 2p3/2 peak at 161.9 eV for the SAM on As-Dep gold and S 2p3/2
peak at 161.5 eV for the SAM on TS gold to a sulfur species chemisorbed on gold. The
second doublet found on As-Dep gold at 163.4 eV can be attributed to sulfur that is not
interacting with the gold surface. On As-Dep gold, there are two possible explanations
for the presence of both chemisorbed and non-interacting sulfur: The non-interacting
sulfur could be due to physisorption or the formation of monodentate (C16)2DTPA
adsorbates. Physisorption is unlikely due to the strong chemical bond that can form
between the thiol group and gold substrate. Monodentate adsorption would produce one
S 2p peak for the chemisorbed sulfur at low binding energy and one S 2p peak for the
non-interacting sulfur at high binding energy, in a 1:1 ratio. The integrated atomic ratio
of chemisorbed:non-interacting sulfur observed for the (C16)2DTPA SAM on As-Dep
gold was 80:20, which corresponds to a SAM that contains both bidentate and
monodentate (C16)2DTPA adsorbates in a 60:40 ratio. On TS gold, the absence of noninteracting sulfur indicates that all sulfur atoms are chemisorbed to gold, and hence all
(C16)2DTPA molecules are bidentate.
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Figure 5.2. HR-XPS spectra of the S 2p region for (C16)2DTPA SAMs formed on (a) AsDep gold and (b) TS gold.
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Table 5.1.

S 2p and P 2p doublet binding energies in eV, abundances, and peak

assignments for (C16)2DTPA SAMs formed on As-Dep gold and TS gold.[a]

Assignment

Binding

Abundance

Energy (eV)

(%)

S 2p3/2

161.9 (blue)

80

Chemisorbed S

S 2p3/2

163.4 (red)

20

Non-interacting S

P 2p3/2

133.6

100

S 2p3/2

161.5 (blue)

100

P 2p3/2

131.4

100

(C16)2DTPA on As-Dep Gold

(C16)2DTPA on TS-Dep Gold

[a]

Chemisorbed S

Doublet colors refer to fits in Figure 5.2.

The presence of monodentate binding in SAMs formed from chelating adsorbates on
As-Dep gold substrates has previously been reported for the chelating adsorbate DTP,26
which has the same P(S)(SH) headgroup as (C16)2DTPA. In this study, synchrotron HRXPS provided higher resolution and better signal-to-noise than conventional HR-XPS,
and enabled the fitting of the complex S 2p envelope with three S 2p doublets that were
assigned to chemisorbed sulfur, a sulfur species chemisorbed in a low-density
environment, and non-interacting sulfur.

The overall ratio of chemisorbed:non-

interacting sulfur was 80:20, corresponding to a ratio of bidentate to monodentate DTP
adsorbates of 60:40, identical to what we have observed for (C16)2DTPA SAMs on AsDep gold. The benefits of using a synchrotron source for XPS also enabled the fitting of
three P 2p doublets, corresponding to three different types of DTP molecules: DTP
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molecules chemisorbed in a low density environment, DTP molecules chemisorbed in a
high-density environment, and monodentate DTP molecules. For our (C16)2DTPA SAMs
on As-Dep gold, the P 2p photoemission peaks in both spectra consisted of only a single
P 2p doublet with the 2p3/2 peak at 133.6 eV for SAMs on As-Dep gold and 131.4 eV for
SAMs on TS gold (Figure S5.2). Although it was possible to resolve two sulfur species
on As-Dep gold, the lower cross-section of phosphorus compared to sulfur (relative
sensitivity factors of 0.486 and 0.668, respectively) means that for phosphorus, we are at
or near the detection limit of our conventional XPS instrument. The poor signal-to-noise
ratio achievable for the P 2p signal, combined with the fact that the P 2p signal is located
along the large inelastic background of the Au 4f peaks, precluded the resolution of
different phosphorus species.
Why are monodentate (C16)2DTPA molecules present in (C16)2DTPA SAMs on As-Dep
gold and not on TS gold? There are two possibilities: The different morphologies of the
two substrates may either affect the kinetics of SAM formation or directly affect how
(C16)2DTPA molecules bind to the surfaces. We can discount a kinetic effect: Forming
(C16)2DTPA SAMs by immersing As-Dep and TS gold substrates into 1 mM (C16)2DTPA
solutions in toluene for 5 minutes, 24 hours, and 48 hours consistently produced SAMs
with 60% bidentate and 40% monodentate adsorbates on As-Dep gold and 100%
bidentate adsorbates on TS gold (Figure S5.3). We propose that the dense network of
deep grain boundaries on As-Dep gold prevents (C16)2DTPA molecules from chelating at
these sites; however, chelation can occur on the atomically-smooth tops of the gold
grains. SAMs are thus comprised of both mono- and bidentate adsorbates. In contrast,
the larger, flatter grains that make up TS gold substrates present a larger area of
atomically-smooth surface that allows bidentate (C16)2DTPA binding, and the grain
boundaries are not deep or numerous enough to disrupt chelation.

5.3.3. Organization of the Organic Layers
The different binding modes exhibited by (C16)2DTPA molecules on As-Dep and TS
gold substrates dramatically affect the packing and crystallinity of the hexadecyl chains,
which we characterized using RAIRS and contact angle measurements. In the RAIR
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spectra, peak frequencies of symmetric and asymmetric methylene stretches are an
indication of the crystallinity of the alkyl chains.35 RAIR spectra of (C16)2DTPA SAMs
on both As-Dep and TS gold are shown in Figure 5.3; peak frequencies are given in
Table 5.2. s(CH2) and as(CH2) appear at 2850 cm-1 and 2918 cm-1 for (C16)2DTPA
SAMs on As-Dep gold, indicating that the alkyl chains are crystalline; in contrast, the

s(CH2) and as(CH2) for (C16)2DTPA SAMs on TS gold appear at 2854 cm-1 and 2925
cm-1, indicating a disordered, liquid-like alkyl layer that contains gauche defects. In
comparison, RAIR spectra of hexadecanethiolate (C16SH) SAMs are not affected by the
morphology of the substrate. On both As-Dep and TS gold substrates s(CH2) and

as(CH2) appear at 2850 cm-1 and 2918 cm-1 respectively (Table 5.2). We contend that
the difference in alkyl chain organization of (C16)2DTPA SAMs on As-Dep and TS gold
is a consequence of the presence of monodentate DTPA molecules on the former
substrate and the absence of this binding mode on the latter. Bidentate DTPA molecules
are anchored at two points, preventing rotation about the Au-S bonds and fixing the AuS-P bond angles; the tetrahedral geometry at phosphorus prevents the alkyl chains from
packing closely. On TS gold, the presence of only bidentate DTPA molecules thus
inhibits van der Waals interactions between alkyl chains, making this layer disordered
and loosely packed. The monodentate DTPA molecules in the SAM on As-Dep gold,
however, are anchored by a single point. The (C16)2DTPA molecules can rotate about the
Au-S bond and the Au-S-P bond angle is no longer fixed; this flexibility enables alkyl
group packing and increased van der Waals interactions. Relative peak intensities of
methylene and methyl symmetric stretches support the notion that the average molecular
tilt angle from the surface normal of (C16)2DTPA molecules on As-Dep gold is lower
than that on TS gold. As the alkyl groups tilt further from the surface normal, the

s(CH2) peak intensity increases due to the surface selection rule.36 The s(CH2) :
s(CH3) intensity ratio is a way to compare the average molecular tilt between the two
SAMs.37 This ratio for (C16)2DTPA SAMs on As-Dep gold substrates (2.5) is lower than
that (C16)2DTPA SAMs on TS gold (10.3), indicating that the crystalline alkyl groups of
the (C16)2DTPA SAMs on As-Dep gold are less tilted than the liquid-like alkyl groups of
the (C16)2DTPA SAMs on TS gold.
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Contact angle data using water and hexadecane (HD) probe liquids (Table 5.2) are
consistent with the RAIRS data. Contact angles of water for (C16)2DTPA SAMs on AsDep gold substrates (113°) are indistinguishable within experimental error from those
measured for C16SH SAMs (112°) on the same substrate, whereas the liquid-like
(C16)2DTPA SAMs on TS gold exhibit lower contact angles of water (98°). On TS gold,
the water drop senses the exposed methylene chains rather than the terminal methyl
group in a well-ordered SAM. Although contact angles of water depend on surface
roughness38 – they decrease for hydrophobic surfaces as surface roughness is reduced –
the decrease observed for (C16)2DTPA SAMs on As-Dep and TS gold (15°) is greater
than that observed for C16SH SAMs on As-Dep and TS gold (8°). HD drops are less
sensitive to surface roughness and more sensitive to subtle differences in the organization
of alkyl chains than water drops.39-41 For C16SH SAMs, static contact angles of HD are
similar on both As-Dep (42°) and TS gold (45°), indicating that both SAMs present
densely-packed methyl groups. For (C16)2DTPA SAMs, the contact angle on As-Dep
gold substrates (34°) also indicates the presence of a densely-packed methyl surface
(albeit slightly less dense than C16SH SAMs); however, HD wets (C16)2DTPA SAMs on
TS gold, indicating that the alkyl chains in this SAM are packed loosely enough to allow
HD to penetrate the SAM.
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Figure 5.3. RAIR spectra (2975 - 2825 cm-1) of (C16)2DTPA SAMs on As-Dep gold
(red) and TS gold (blue).

Table 5.2. RAIRS absorption bands and contact angle data[a] for (C16)2DTPA and C16SH
SAMs formed on As-Dep and TS gold.
(C16)2DTPA SAM (C16)2DTPA SAM

as (CH2)

C16SH SAM on

C16SH SAM

on As-Dep Gold

on TS Gold

As-Dep Gold

on TS Gold

2918

2925

2918

2918

2850

2854

2850

2850

113 +/- 3

98 +/- 2

112 +/- 1

104 +/- 1

34 +/- 1

< 10

42 +/- 1

45 +/- 1

(cm-1)

s (CH2)
(cm-1)

H2O)
(deg)[a]

HD)
(deg)[a]

[a] Static contact angles using the sessile drop method
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5.3.4. Frictional Properties of (C16)2DTPA SAMs on As-Dep and
TS gold
We used LFM to illustrate the difference between ordered, crystalline (C16)2DTPA
SAMs on As-Dep gold and disordered, liquid-like (C16)2DTPA SAMs on TS gold. LFM
is a scanning probe technique that maps the frictional forces exerted on a cantilever tip as
it moves across the SAM. SAMs in which the alkyl groups are liquid-like expose a
greater number of methylene groups to the tip and consequently exert greater frictional
forces on the tip than SAMs in which the alkyl groups are ordered and crystalline.42 We
used a C16SH SAM, in which the alkyl chains are organized and crystalline on both AsDep and TS gold, as a standard to compare (C16)2DTPA SAMs on these substrates. LFM
sample preparation (Scheme 5.2) begins with microcontact printing27 to pattern 10-mwide strips of C16SH onto the gold substrate, separated by 10-m-wide strips.
Subsequently immersing the printed substrate into a solution of (C16)2DTPA for 15
minutes backfilled the unprinted strips with (C16)2DTPA SAM, producing a surface
bearing alternating strips of C16SH and (C16)2DTPA SAMs. The 15 minute exposure
time of the patterned C16SH SAM on gold to the (C16)2DTPA solution minimized the
possibility of the exchange of (C16)2DTPA molecules in solution with the C16SH SAM
while still producing (C16)2DTPA SAMs that exhibit head group binding modes and alkyl
chain organization indistinguishable by XPS and RAIRS from (C16)2DTPA SAMs
formed for 24 hours. Figure 5.4a shows LFM images of alternating strips of C16SH and
(C16)2DTPA SAMs on As-Dep gold. In agreement with contact angle and RAIRS data,
these SAMs are quite similar: Both exert low frictional force on the LFM tip, indicating
that the surfaces of both SAMs consist of well-packed methyl groups. When these SAMs
are formed on TS gold (Figure 5.4b), however, the contrast between the strips in the LFM
image clearly highlights the difference between the organization of the alkyl chains in
these SAMs. Here, the bright strips correspond to the higher frictional force exerted on
the tip by the liquid-like (C16)2DTPA SAM relative to the low frictional force exerted by
the C16SH SAM (dark strips).
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Scheme 5.2. Process used to pattern alternating lines of (C16)2DTPA and C16SH SAMs
on gold substrates.
Au

CP 2 mM
C16SH

C16SH

Immerse in 2 mM
(C16)2DTPA f or 15 min

(C16)2DTPA

a)

b)

Figure 5.4. LFM images of alternating lines of C16SH and (C16)2DTPA SAMs patterned
onto (a) As-Dep gold and (b) TS gold. Bright areas correspond to regions of higher
friction. Z-scale is 250 mV for both images.
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5.3.5. Electrochemical Barrier Properties of (C16)2DTPA SAMs on
As-Dep and TS Gold
We used EIS to investigate how the structural differences between (C16)2DTPA SAMs
on As-Dep and TS gold affect the resistance of these SAMs to the diffusion of an ionic
redox probe – aqueous solutions of K4Fe(CN)6 and K3Fe(CN)6 – to the underlying gold.
In the EIS experiment, a sinusoidal ac perturbation is applied at frequencies ranging from
3.0 mHz to 100 kHz and the corresponding current response is used to measure the
complex impedance of the SAM.43 Impedance spectra in the form of Bode plots for
(C16)2DTPA SAMs on As-Dep and TS gold are given in Figure 5.5. We used a simple
circuit model (Figure 5.5, inset) – a Randles equivalent circuit commonly used for SAMs
– to fit the impedance spectra, allowing us to determine the resistance (RSAM) and
capacitance (CSAM) of the SAM.44 RSAM indicates how well the SAM impedes electron
transfer: A densely packed, crystalline SAM will have a higher resistance than a porous
liquid-like SAM. CSAM is inversely proportional to the SAM thickness, which can be
calculated using35
d

 0
C

[1]

where d is the SAM thickness in Angstroms, C is the capacitance per area in F m-2,  is
the dielectric constant of the SAM (measured for CnSH SAMs (n = 16, 18) on gold using
surface plasmon resonance (2.1)45), and 0 is the permittivity of free space (8.54  10-12 F
m-1).
Values for RSAM and CSAM, along with calculated thickness values for (C16)2DTPA
SAMs on As-Dep and TS gold are given in Table 5.3. The densely packed (C16)2DTPA
SAM on As-Dep gold has a higher resistance (13.3 +/- 3.0 M cm2) than the liquid-like
SAM on TS gold (2.8 +/- 1.6 M cm2), consistent with the SAM structure indicated by
RAIRS and contact angle measurements. The resistance of the (C16)2DTPA SAM on AsDep gold, however, is lower than that measured for C16SH SAMs on As-Dep gold (30.8
+/- 9.8 M cm2), indicating that (C16)2DTPA SAMs are somewhat less densely packed
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than C16SH SAMs. This distinction is consistent with the lower contact angle of HD on
(C16)2DTPA SAMs on As-Dep gold compared to C16SH SAMs on As-Dep gold ( =
8°). The subtle difference in alkyl chain organization is only detected by methods that
are sensitive to small structural differences such as EIS and contact angles of HD,
whereas contact angles of water and the position of methylene C-H stretching modes in
the RAIR spectra for these two SAMs are identical. The capacitance of the (C16)2DTPA
SAM on As-Dep gold translates to a SAM thickness of 21.5 +/- 3.3 Å. This thickness is
similar to the calculated thickness of the C16SH SAM on As-Dep gold (18.6 +/- 2.4 Å),
suggesting that the DTPA alkyl chains are trans extended similar to C16SH SAMs. The
capacitance of the (C16)2DTPA SAM on TS gold translates to a SAM that is 11.9 +/- 0.6
Å thick, significantly thinner than the (C16)2DTPA SAM on As-Dep Gold. This thickness
is consistent with alkyl groups that are disordered and tilted from the surface normal at a
larger angle on average than in the (C16)2DTPA SAM on As-Dep gold.
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Figure 5.5. Bode plot of (C16)2DTPA SAMs formed on As-Dep gold (red) and TS gold
(blue). Inset (upper right): Randles circuit model used to fit raw EIS data.
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Table 5.3. Electrical parameters of (C16)2DTPA and C16SH SAMs formed on As-Dep
gold and TS gold calculated by fitting raw EIS data using the Randles simple circuit
model.

(C16)2DTPA SAM (C16)2DTPA SAM

Resistance

C16SH SAM on

C16SH SAM

on As-Dep Gold

on TS Gold

As-Dep Gold

on TS Gold

13.3 +/- 3.0

2.8 +/- 1.6

30.8 +/- 9.8

89.9 +/- 34.2

0.85 +/- 0.13

1.51 +/- 0.8

0.97 +/- 0.1

1.03 +/- 0.03

21.5 +/- 3.3

11.9 +/- 0.6

18.6 +/- 2.4

17.3 +/- 0.4

(M cm2)
Capacitance
(F cm-2)
Thickness
(Å)

5.3.6. Thermal Stability
Thermal desorption experiments show that despite the alkyl chain crystallinity of
(C16)2DTPA SAMs on As-Dep gold substrates, the presence of monodentate (C16)2DTPA
molecules in these SAMs reduces the SAM thermal stability compared to (C16)2DTPA
SAMs on TS gold substrates. It has previously been demonstrated that the desorption of
alkanethiols from SAMs exposed to hot hydrocarbon solvents can be monitored using
ellipsometry.46,47 We monitored the desorption of (C16)2DTPA molecules by immersing
SAM-coated substrates into decahydronapthalene (decalin) heated to 70 ˚C and
measuring the static contact angle of water after immersion times ranging from 30
seconds to 120 minutes. Unperturbed (C16)2DTPA and C16SH SAMs on both As-Dep
and TS gold are hydrophobic; desorption of the molecules in hot decalin exposes the
underlying gold and reduces the contact angle of water. After the contact angle of water
has decreased to 45-55°, however, the contact angle plateaus and further desorption
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cannot be detected. For C16SH SAMs on both As-Dep and TS gold, this plateau begins
after the SAM has been exposed to the hot decalin for ~ 30 minutes. Previous desorption
studies of C16SH SAMs using ellipsometry have shown that under the same conditions, ~
90% of the SAM remains on the surface; after this time, further desorption can be
detected by ellipsometry, but cannot be detected by changes in water contact angle.
Despite the relatively limited sensitivity of contact angles to molecular desorption, plots
of contact angles of water as a function of immersion time for (C16)2DTPA SAMs on AsDep and TS gold substrates (Figure 5.6) clearly show the difference in thermal stability
of these SAMs. The contact angle of water on (C16)2DTPA SAMs on As-Dep gold
substrates rapidly decreases to the minimum measurable value after ~30 minutes. After
reaching the minimum measurable value, molecular desorption likely continues but
cannot be detected by contact angle changes. The contact angle of water on (C16)2DTPA
SAMs on TS gold also rapidly decreases during the first 30 minutes, but the contact angle
does not reach the minimum measurable value after this initial 30-minute period.
Instead, the contact angle then gradually decreases, reaching the minimum measurable
value after > 60 minutes. We attribute the difference in thermal stability of (C16)2DTPA
SAMs on TS gold compared to (C16)2DTPA SAMs on As-Dep gold to the enhanced
thermodynamic stability of the 100% bidentate adsorbates on TS gold.

Desorption

experiments using C16SH SAMs on As-Dep and TS gold substrates – in which there is no
possible chelation to the gold substrate – support this idea. C16SH SAMs on both As-Dep
and TS gold both show desorption behavior similar to that of (C16)2DTPA SAMs on AsDep gold, and reach the minimum measurable contact angle after ~30 minutes.
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Figure 5.6. Thermal desorption of (C16)2DTPA SAMs on As-Dep gold (red) and TS gold
(blue) plotted as the static contact angle of water as a function of immersion time in 70 ˚C
decahydronapthalene. Desorption of C16SH SAMs on As-Dep gold (black) and TS gold
(green) is shown for reference.

5.4. Conclusions
(C16)2DTPA molecules adsorb on gold to form SAMs with properties that depend on
whether the morphology of the underlying gold substrate permits the chelation of DTPA
molecules to the gold surface, or disrupts chelation and causes monodentate binding. The
shallow, large grains of TS gold permit chelation of (C16)2DTPA adsorbates; anchoring
the adsorbates at two points produces SAMs with liquid-like alkyl chains. Although a
consequence of this chelation is the inhibition of van der Waals interactions between
alkyl chains, these SAMs are more stable to thermal desorption than linear C16SH SAMs
due to the energetically favorable chelation of the head group. On the other hand, the
numerous and deep grain boundaries of As-Dep gold disrupt chelation, producing SAMs
in which 40% of the adsorbates are monodentate.

The conformational freedom of

monodentate adsorbates relative to bidentate adsorbates allows the alkyl chains to pack
more densely in the SAM; van der Waals interactions between the chains are greater than
in SAMs on TS gold and the alkyl chains are crystalline. However, van der Waals
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interactions cannot compensate for the presence of monodentate adsorbates and SAMs on
As-Dep gold are not as stable to thermal desorption as (C16)2DTPA SAMs on TS gold.
Changing the morphology of the gold substrate produces (C16)2DTPA SAMs that are
chemically identical but possess distinctly different properties, and thus have different
potential uses. (C16)2DTPA SAMs on As-Dep gold have properties that are reasonably
comparable to those of alkanethiolate SAMs on gold, although the lower electrochemical
resistance of the (C16)2DTPA SAM makes this system a less effective protective layer to
the underlying gold substrate. The liquid-like alkyl layer of (C16)2DTPA SAMs on TS
gold imparts relatively poor electrochemical resistance, but the resonant bidentate
structure exhibited by all (C16)2DTPA adsorbates in this SAM make this system
applicable to molecular electronic devices, particularly if conjugated substituents are
combined with DTPA head groups.
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5.6. Supporting Information and Figures
a)
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b)

Figure S5.1. XPS survey spectra for (C16)2DTPA SAMs formed for 24 hours on a) AsDep gold and b) TS gold. Please note that when comparing the atomic percentages of
sulphur and phosphorus that the phosphorus percentage is routinely lower than expected
relative to sulphur. There are three reasons for this discrepancy: First, the phosphorus
signal has a lower cross-section compared to sulphur (relative sensitivity factors of 0.486
and 0.668 respectively). Second, the P 2p peak is mixed in with the large inelastic
background of the Au 4f peaks, which puts the peak on a slope that alters the applied
Shirley background to give a smaller peak area than should be expected. Third, since we
are at or near the detection limit for phosphorus any noise in the background strongly
affects the amount of phosphorus reported. For these reasons, there is a significant
amount of error (+/-) associated with the P numbers. Conversely, the sulfur peak is
stronger due to its larger cross-section and the fact that there is more sulfur present, and it
is not affected as greatly by the Au 4f background (much less slope. Therefore, much
less error associated with it.
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Figure S5.2. High resolution XPS spectra of the P 2p region for (C16)2DTPA SAMs
formed for 24 hours on a) As-Dep gold and b) TS gold.
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6.1. Introduction
Forming self-assembled monolayers (SAMs) on surfaces is an exceptionally wellstudied method to access a wide range of surface properties.1 After 25 years of research,
a vast number of SAMs have been reported that employ different substrates (metals,
metal oxides, semiconductors) and different molecular adsorbates.2 From these studies, it
is generally accepted that two factors – the interaction between the adsorbate headgroup
and the substrate, and lateral interactions between the organic portions of the adsorbates –
determine the way in which adsorbates self-organize on surfaces to form SAMs. The
interplay between these two factors determines structural features such as molecular
packing density, molecular tilt, and crystallinity of the alkyl layer of the resulting SAM.
These structural features have a practical importance because they contribute to the
macroscopic surface properties of the SAM, such as wettability, frictional properties, and
the ability of guest molecules to intercalate into the SAM. Predicting the details of SAM
structure is fairly straightforward for adsorbates with simple structures, such as nalkanethiolates. For example, adsorbate-substrate interactions and lateral van der Waals
interactions between adsorbates are sufficient to explain the structures of n-alkanethiolate
SAMs with different alkyl chain lengths on gold substrates.3,4 The highly favorable Au-S
adsorbate-substrate interaction stabilizes the SAM and determines the maximum packing
density of the adsorbates. SAMs formed from n-alkanethiolates with short alkyl chains
have liquid-like, disorganized alkyl groups because there are not enough van der Waals
interactions possible between adjacent alkyl chains to stabilize a trans-extended,
crystalline arrangement. As the number of methylene groups increases, however, the
increasing number of van der Waals interactions between alkyl chains causes the
progression from a liquid-like organization to one in which the alkyl chains are transextended and crystalline. Short-chain, liquid-like SAMs are wet by both water and
hexadecane,4,5 and exhibit higher frictional coefficients than long-chain crystalline
SAMs.5-9 Both properties have been attributed to gauche defects in the short alkyl chains,
which expose methylene groups at the surface that contact probe liquids or AFM probe
tips. In contrast, crystalline SAMs present a layer of well-packed methyl groups at the
surface, causing higher water and hexadecane contact angles and lower frictional forces.
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Although predicting the structure of a SAM is fairly straightforward for structurally
simple adsorbates, a more rigorous understanding of the interplay between the factors
affecting adsorbate self-organization will be necessary to develop design rules to enable
the design of adsorbates that produce complex self-organized structures, and to predict
structures of SAMs formed from structurally complex adsorbates. To fully elucidate
these design rules, it is necessary to first deepen our understanding of the relationship
between the adsorbate structure and the resulting SAM structure by studying SAMs
formed from structurally complex adsorbates. A leading approach has been to vary the
structure of the sulfur-containing headgroup. Studies of bidentate10-15 and tridentate16-22
thiols, dithiocarboxylic acids,23-25 xanthic acids,26,27 and dialkyldithiocarbamates28-33 have
all produced SAMs with structures that differ in some way from archetypical nalkanethiolate SAMs. For example, Lee et al. have reported the use of bulky chelating
spiroalkanedithiol and trithiol headgroups that enforce spacing between adjacent alkyl
substituents.5,6,9,16,20,34-37 The resulting SAMs exhibit alkyl group packing densities that
depend on the combination of the chelating headgroup and pendant alkyl chain lengths.
With such adsorbates, it is possible to form SAMs with loosely-packed alkyl groups even
with long alkyl substituents;9,20,34 furthermore, these SAMs exhibit enhanced stability to
thermal16 and electrochemical38 desorption compared to n-alkanethiolate SAMs due to
the chelate effect. Recent studies of xanthic acid and dithiocarboxylic acid adsorbates
reveal subtle structural differences between these SAMs and analogous n-alkanethiolate
SAMs, indicated by contact angles that exhibit a larger odd-even effect for the former
SAMs.26,39
Our research group has explored the use of chelating dialkyldithiophosphinic acids
[CH3(CH2)n]2P(S)SH (R2DTPA) to expand the understanding of the relationship between
adsorbate structure and SAM structure, as well as to access SAMs with new structures
and interfacial properties.40-43 One might expect these SAMs to consist of DTPA head
groups chelated to the gold substrate as shown in Scheme 6.1a, and the steric demands of
the bulky DTPA headgroup to then space out the alkyl groups and produce SAMs with
liquid-like, disorganized alkyl chains. However, a study of SAMs formed from R2DTPA
adsorbates with n = 5, 9, 11, 13, 15 on gold films fabricated by electron beam evaporation
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(As-Dep gold) showed that these SAMs consist of a 60:40 mixture of chelating and
monodentate adsorbates (Scheme 6.1a and b) regardless of the length of the alkyl
substituents, and the organization of the alkyl layer is very similar to that of RSH
SAMs.41,43 R2DTPA SAMs with short alkyl chains (n = 5, 9) have a liquid-like alkyl
layer, and the chains become increasingly ordered and crystalline as the number of
methylene groups increases.

Through a combination of experimental41-43 and

computational42 studies, we have determined that for these SAMs, the interplay between
adsorbate-substrate interactions and intermolecular interactions in the SAM does not
adequately account for the observed SAM structures. A third factor – the substrate
morphology – is an important influence that affects how these adsorbates self-organize.
The results of our studies can be summarized by three main points: First, computational
studies using a model (nBu)2DTPA adsorbate show that the energetic difference between
monodentate binding and chelation is surprisingly small.42

Second, even though

monodentate binding may be accessible, experimental studies show that it occurs only
when provoked by defect sites of the As-Dep gold substrate.43 As-Dep gold films consist
of small (~ 25 - 50 nm) grains separated by deep (~ 10 nm) grain boundaries, with a rootmean-squared (RMS) roughness of 2 - 4 nm.41,44-47 The constrained spaces of these deep
grain boundaries cause R2DTPA adsorbates to adopt monodentate binding, with chelation
likely occurring on the small, atomically flat areas on the tops of the gold grains that
measure ~50 nm across.41 Support for this idea comes from a study of (C16)2DTPA
SAMs formed on smooth, template-stripped (TS) gold surfaces, which consist of large,
flat gold grains that measure ~200 - 500 nm across and are separated by shallow (~2 nm)
grain boundaries.41,45-48 On TS gold, all (C16)2DTPA adsorbates chelate to the surface.
The adoption of monodentate binding at grain boundaries of As-Dep gold is believed to
impart conformational flexibility to the head group, which is necessary for the molecules
to bind in these constrained spaces by allowing rotation about the Au-S bond and small
changes in the Au-S-P bond angle. Third, the adoption of monodentate binding over
chelation is compensated energetically by favorable van der Waals interactions between
alkyl groups in the SAM. The conformational flexibility of the monodentate adsorbates
enables the alkyl groups to pack densely in R2DTPA SAMs on As-Dep gold.41,43 The
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resulting van der Waals interactions between alkyl groups, which have been estimated at
~ 2 kcal mol-1 per methylene unit, compensates for the small energy difference between
monodentate binding and chelation, particularly for adsorbates with long alkyl chains.
The outcome is that the alkyl layer of R2DTPA SAMs formed on As-Dep gold becomes
progressively more ordered and crystalline as the chain length increases due to the
increased number of van der Waals interactions between the chains.43 In contrast, the
alkyl groups of the fully chelated (C16)2DTPA SAM on TS gold are loosely packed and
disorganized.41 Having all of the adsorbates anchored to the gold surface at two points
restricts the conformational freedom of the head group; consequently, the alkyl groups
cannot pack together to stabilize a trans-extended, crystalline structure. The result is an
alkyl layer that is disordered and liquid-like.
Scheme 6.1. R2DTPA adsorbates bound to gold with (a) monodentate binding and (b)
chelation.
a)

b)

Based on the study of (C16)2DTPA SAMs on TS gold, it is reasonable to suggest that
chelation, along with the steric demands of the DTPA head group, might limit the
packing density in the SAM, and that reducing the length of the alkyl chain should
merely result in a series of SAMs with liquid-like alkyl chains. Here, we present the
series of [CH3(CH2)n]2DTPA (n = 5, 9, 11, 13, 15) SAMs on TS gold and show that these
SAMs possess structures that exhibit a most surprising trend in alkyl chain packing:
SAMs formed from adsorbates with short alkyl chains (n = 5) are ordered and crystalline,
and the alkyl groups become increasingly disordered and liquid-like as the number of
methylene units is increased. This trend is the opposite of the typical behavior exhibited
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in n-alkanethiolate SAMs, and it illustrates that changes to the adsorbate structure can
have profound and surprising effects on the self-organization of those adsorbates within
SAMs. We rationalize the results presented here by considering not only the steric
demands and chelation of the head group, but also the steric demands of the alkyl groups.
To our knowledge, R2DTPA SAMs on TS gold are the first reported example of SAMs
with alkyl groups that progress from crystalline to liquid-like as the chain length
increases, as well as the first example of SAMs with short (n = 5) alkyl chains that are
crystalline.

6.2. Experimental Section
All chemicals were purchased commercially and used as received.

Anhydrous

tetrahydrofuran (THF), diethyl ether, and toluene were obtained from an Innovative
Technologies solvent purification system.

All R2DTPA molecules were prepared

according to published procedures.41,43 PDMS stamps were prepared by casting PDMS
prepolymer against photolithographic masters according to published procedures.49

6.2.1. Gold Substrate Preparation
As-Dep gold films were produced by depositing 2 nm titanium as an adhesion promoter
followed by 200 nm gold onto silicon wafers using an e-beam evaporator. The gold films
were used immediately after their fabrication to form SAMs to minimize surface
contamination. TS gold films were prepared according to published procedures.46 400
nm of gold was deposited onto silicon wafers by e-beam evaporation, and then a small
drop (10 μL) of Norland Optical Adhesive 83H was applied to the gold surface followed
by a 2 cm x 2 cm glass substrate. After curing the adhesive using a UV lamp for 10
minutes, the glass slide was stripped from the silicon wafer using a scalpel.

TS gold

films were used immediately after their fabrication for SAM formation to minimize
surface contamination.

6.2.2. SAM Formation
Approximately 2 cm x 2 cm As-Dep and TS gold substrates were immersed into a 1
mM R2DTPA solution in anhydrous toluene or a 1 mM solution of 1-hexadecanethiol in
173

The Unusual Self-Organization of Dialkyldithiophosphinic Acid
Self-Assembled Monolayers on Ultrasmooth Gold
anhydrous ethanol for 24 hours.

Substrates were then removed from solution, rinsed

with anhydrous toluene (for R2DTPA SAMs) or anhydrous ethanol (for 1hexadecanethiolate SAMs), and dried under a stream of nitrogen.

6.2.3. Sample Preparation for Lateral Force Microscopy
Microcontact printing of 1-hexadecanethiol onto As-Dep and TS gold substrates was
carried out according to published procedures using a PDMS stamp bearing 10-μm-wide
raised lines separated by 10-μm-wide recesses.49 Printed gold substrates were rinsed with
anhydrous ethanol, dried using a stream of nitrogen, and placed into a 2 mM toluene
solution of R2DTPA for 15 minutes. Substrates were removed from the solution, rinsed
with anhydrous toluene and anhydrous ethanol, and dried under a stream of nitrogen.

6.2.4. Atomic Force Microscopy (AFM) and Lateral Force
Microscopy (LFM)
AFM and LFM images were obtained using a Digital Instruments Multimode atomic
force microscope run in contact mode. Veeco type SNL (Silicon-tip on Nitride Lever)
cantilevers were used with a nominal tip radius of 2 nm and a nominal force constant of
0.12 N/m. The back side of the cantilever was coated with 45 ± 5 nm of Ti/Au. LFM
images were collected over a 75 μm x 75 μm scan area using a scan rate of 1.0 Hz, a
scanning resolution of 512 samples/line, and a constant force estimated to be ~0.1 nN.
AFM images were collected over a 1 μm x 1 μm scan area using a scan rate of 1.0 Hz and
a scanning resolution of 512 samples / line. All images were collected using Nanoscope
6 software, and processed using WSxM 5.0 Develop 1.0 software.50

6.2.5. X-Ray Photoelectron Spectroscopy (XPS)
XPS spectra were collected at Surface Science Western (London, Ontario, Canada)
using a Kratos Axis Nova X-ray photoelectron spectrometer with a monochromatic Al
Kα source. The detection limit of the instrument is 0.1 – 0.5 atomic percent. Both survey
scan and high resolution analyses were carried out over a 300 μm x 700 μm scan area.
Survey scan analyses were carried out with a pass energy of 160 eV, and high resolution
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analyses were carried out with a pass energy of 20 eV. Samples were analyzed at a 30
degree take-off angle (60 degree tilt). High resolution sulfur line shapes were fit using
one pair of spin-orbit-split components (2 p3/2 and 2 p1/2) assuming a Gaussian:Lorentzian
(70%:30%) line shape and a fixed splitting energy of 1.18 eV with a 2:1 area ratio.51

6.2.6. Infrared Spectroscopy
Reflection-absorption infrared (RAIR) spectra were collected using a Bruker IFS 66/v
spectrometer equipped with an MCT detector and Harrick Autoseagull accessory. The ppolarized light was incident at 85˚ from the surface normal; 1024 scans were collected at
a resolution of 2 cm-1.

6.2.7. Contact Angle Measurements
Water and hexadecane contact angles were measured using the sessile drop method on
a Rame-Hart contact angle goniometer equipped with a microlitre syringe and a tilting
stage. In each case, at least three drops from three samples (i.e., at least nine independent
measurements) were averaged.

6.2.8. Electrochemical Impedance Spectroscopy (EIS)
EIS spectra were collected using a BAS-Zahner IM6 ex impedance unit. A glass cell
equipped with a calomel/saturated KCl reference electrode and a 1.0 mm Pt wire counter
electrode was clamped to the working electrode, a 0.95-cm2 area of the SAM on gold,
and then filled with an aqueous solution of 1mM K3Fe(CN)6, 1mM K4Fe(CN)6·3H2O and
10 mM Na2SO4. The measurements were made at an open circuit potential set at 450 mV
with a 5 mV ac perturbation that was controlled from 5.0×10-2 to 2.0×105 Hz. SAM
resistance and capacitance values were normalized to the area of the working electrode.

6.3. Results and Discussion
6.3.1. Gold Substrate and R2DTPA Preparation
We fabricated TS gold substrates by e-beam evaporation of 400 nm of gold onto a
silicon wafer, followed by adhering a 2 cm x 2 cm glass slide on the surface using an
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optical adhesive. After curing the adhesive, we removed the glass slide using a scalpel to
expose the smooth underside of the film. These substrates consist of grains with sizes
ranging from 200 – 500 nm with grain boundaries that are ~2 nm deep, and a root-meansquare roughness of 0.5 nm (Figure 6.1).

We synthesized R2DTPA compounds

according to published procedures,41,43 and prepared SAMs by immersing TS gold

Height (nm)

substrates into 1 mM solutions of each adsorbate in toluene for 24 hours.

200 nm

5
4
3
2
1
0

0

250
Distance (nm)

Figure 6.1. AFM topographic image recorded in contact mode of a typical TS gold film.
The vertical scale is 20 nm. The white line shows the region that corresponds to the
cross-sectional profile depicted beside the image.

6.3.2. Binding of the DTPA Head Group to the Gold Surface
X-ray photoelectron spectroscopy (XPS) revealed that both sulfur atoms of R2DTPA
adsorbates interact with the TS gold surface, indicating that the SAMs contain only
chelating adsorbates regardless of the alkyl chain length. Survey scans of R2DTPA
SAMs formed on TS gold (Figure S6.1) showed characteristic binding energies of gold,
as well as the elements comprising the R2DTPA adsorbates (P, S, C). Survey scans also
showed the presence of oxygen. We used high resolution XPS (HR-XPS) of the S 2p
region to determine the binding state of the DTPA adsorbates to the gold surface. The
electronic environment of the sulfur atom and the nature of the interaction between sulfur
and gold surface atoms influence the S 2p binding energies. Previous HR-XPS studies of
sulfur-containing SAMs on gold have established that the S 2p3/2 peaks of sulfur atoms
bound to gold appear at binding energies of ~161 - 162 eV, whereas sulfur atoms that are
not interacting with the gold surface give S 2p3/2 peaks at binding energies of ~163 - 165
eV, and oxidized sulfur species give S 2p3/2 peaks at binding energies > 166 eV.52,53 HR176
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XPS of the S 2p region of R2DTPA SAMs on TS gold (Figure 6.2) showed a simple line
shape that we fit using one pair of spin-orbit-split components (S 2p3/2 and S 2p1/2) by
assuming a Gaussian/Lorentzian (70%:30%) line shape and a splitting energy fixed at
1.18 eV.51 The fitted data show S 2p3/2 peaks at binding energies ~ 161 - 162 eV (Table
6.1), which indicate that all sulfur atoms in these SAMs are bound to the gold substrate.
Accordingly, all of the adsorbates are chelated to the gold surface, regardless of the alkyl
chain length.
HR-XPS spectra of the S 2p region furthermore show that the oxygen detected in
survey scans of R2DTPA SAMs on TS gold is likely due to the adsorption of adventitious
oxygen-containing species rather than oxidation of the DTPA headgroup. The absence of
peaks at binding energies > 168 eV, which correspond to oxidized sulfur species, is
consistent with protection of the DTPA sulfur atoms from oxidation even for the shortest
alkyl chain lengths studied. In contrast, XPS studies of R2DTPA SAMs on As-Dep gold
with short alkyl chains (hexyl and decyl) show S 2p3/2 peaks at binding energies > 168
eV.43 In these SAMs, the hexyl and decyl chains are too short and disordered to prevent
the penetration of oxygen through the SAM to the head group, resulting in DTPA
oxidation. On TS gold, chelation of the headgroup and/or differences in alkyl group
packing (vide infra) likely protect the head group from oxidation. Previously reported
DTPA SAMs on As-Dep gold with long alkyl chains – R2DTPA SAMs (n = 11, 13, 15 )
and R1R2DTPA SAMs (R1 = hexyl, R2 = decyl, hexadecyl) – do not show peaks in the
HR-XPS spectra due to oxidized sulfur species, suggesting that the alkyl groups are long
enough in these SAMs to protect the head group from oxidation.40,43 However, survey
scans of these SAMs do exhibit peaks due to oxygen, which have been attributed to the
adsorption of adventitious species that contain oxygen. The presence of oxygen in the
XPS survey scans of R2DTPA SAMs on TS gold suggests that these SAMs, like their
long-chain counterparts on As-Dep gold, do not prevent adsorption of such oxygen
containing species.
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Figure 6.2. HR-XPS spectra of the S 2p region for [CH3(CH2)n]2DTPA SAMs on TS
gold.
Table 6.1. S 2p3/2 binding energies of [CH3(CH2)n]2DTPA SAMs on TS gold.

[CH3(CH2)n]2DTPA SAM
n=5

n=9

n = 11

n = 13

n = 15

S 2p3/2 Binding 161.6

161.7

161.6

161.6

161.5

Energy (eV)
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6.3.3. Organization of the Alkyl Chains
Reflection absorption infrared spectroscopy (RAIRS) revealed an unexpected trend in
the organization of the alkyl layer of R2DTPA SAMs on TS gold: SAMs with short (n =
5) alkyl chains are highly crystalline, and the layer becomes more disordered and liquidlike as the number of methylene units in the alkyl chain increases. This trend directly
counters that of R2DTPA SAMs on As-Dep gold and RSH SAMs on coinage metals,
which exhibit the typical trend of increasing alkyl group crystallinity as the number of
methylene units in the chain increases.3,4,43 The typical trend can be straightforwardly
explained by the increasing number of van der Waals interactions between the chains as
the chain length increases. We assessed the crystallinity of the alkyl layers of R2DTPA
SAMs on TS gold by comparing the frequencies of the asymmetric and symmetric
methylene C-H stretching modes to those of RSH SAMs and R2DTPA SAMs on As-Dep
gold. RAIR spectra of the R2DTPA SAMs on TS gold are shown in Figure 6.3, along
with dotted lines at 2918 cm-1 and 2850 cm-1 that correspond to the as(CH2) and ns(CH2)
stretching frequencies for the crystalline chains of C16SH SAMs on gold for comparison.
The spectra show that, as expected, the intensities of the as(CH2) and s(CH2) peaks
increase as the number of methylene groups increases. At the same time, the as(CH2)
and s(CH2) peak frequencies also increase, which corresponds to a decrease in chain
crystallinity. The SAM with the shortest alkyl chain length, (C6)2DTPA, exhibits the
highest crystallinity, with as(CH2) and s(CH2) stretching frequencies of 2919 cm-1 and
2850 cm-1, respectively, that are nearly identical to C16SH SAMs on gold and
(C16)2DTPA SAMs on As-Dep gold (Table 6.2). The SAM with the longest chain length,
(C16)2DTPA, exhibits the most disorder, with as(CH2) and ns(CH2) stretching frequencies
at 2925 cm-1 and 2854 cm-1, indicative of a SAM in which the alkyl layer is more
disordered and liquid-like than even C6SH SAMs on gold and (C6)2DTPA SAMs on AsDep gold (Table 6.2).
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Figure 6.3. RAIR spectra (2970 - 2820 cm-1) of [CH3(CH2)n]2DTPA (n = 5, 9, 11, 13,
15) SAMs formed on TS gold. Dashed lines correspond to symmetric (2850 cm -1) and
asymmetric (2918 cm-1) methylene C-H stretches of C16SH SAMs formed on TS gold.
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Table 6.2.

Comparison of asymmetric and symmetric methylene C-H stretching

frequencies for R2DTPA (n = 5, 15) SAMs on TS gold, RSH (n = 5, 15) SAMs on TS
gold, and R2DTPA (n = 5, 15) SAMs on As-Dep gold.
Peak Positions (cm-1)
n=5

n = 15

SAM

[CH3(CH2)n]2DTPA

as(CH2)

s(CH2)

as(CH2)

s(CH2)

2919

2850

2925

2854

2921

2852

2917

2850

2922

2853

2918

2850

on TS Au
CH3(CH2)nSH
on TS Au
[CH3(CH2)n]2DTPA
on As-Dep Au
a

a

Peak positions of R2DTPA SAMs on As-Dep gold obtained from reference 40.
As the alkyl chain length of R2DTPA SAMs on TS gold increases and the chains

become more liquid-like, the orientation of the methyl groups also becomes more
heterogeneous. Analysis of the asymmetric methyl C-H stretches at ~2967 cm-1 indicates
that these peaks become broader as the length of the alkyl chain increases (Figure 6.3).
The uniformity of the orientation of the methyl groups influences the breadth of the
asymmetric methyl stretch. Methyl groups of crystalline SAMs are tightly packed and
uniformly oriented, which produces sharp as(CH3) peaks, whereas the disordered methyl
groups of liquid-like SAMs are heterogeneously oriented and produce broad as(CH3)
peaks.30 As the alkyl chain length increases, the full width at half-maximum (FWHM) of
the as(CH3) peak of R2DTPA SAMs on TS gold increases from 5.0 cm-1 for the
(C6)2DTPA SAM to 6.5 cm-1 for the (C16)2DTPA SAM (Table S6.1). The narrower
width of the as(CH3) peak of the (C6)2DTPA SAM compared to the (C16)2DTPA SAM is
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consistent with crystalline, uniformly oriented alkyl chains in the former SAM and
liquid-like, disorganized alkyl chains in the latter SAM.
To explain the unexpected trend in alkyl chain crystallinity observed for R2DTPA
SAMs on TS gold, we must understand the factors that control how the adsorbates selforganize on the TS gold surface. We have previously reported that the packing density of
the alkyl chains of (C16)2DTPA SAMs formed on As-Dep and TS gold depends how the
adsorbates in the SAM bind to the gold substrate.41 On As-Dep gold, the conformational
flexibility of the monodentate (C16)2DTPA adsorbates enables dense packing of the alkyl
groups, and consequently the interchain van der Waals interactions that stabilize a transextended, crystalline alkyl layer. In contrast, the liquid-like alkyl chains of (C16)2DTPA
SAMs on TS gold indicates that there is a difference in how these adsorbates pack in the
SAM. Based on this study, we concluded that because all adsorbates chelate on TS gold,
the inflexibility of the chelated head groups, along with the steric demands of the bulky
DTPA head group, likely reduce the packing density of these adsorbates on the surface
compared to (C16)2DTPA SAMs on As-Dep gold. Reduced adsorbate packing density
consequently limits the interchain van der Waals interactions necessary to stabilize transextended and crystalline alkyl groups, and instead leads to a disordered alkyl layer. The
present study shows that this conclusion is only part of the picture: Reducing the steric
demands of the alkyl groups by shortening the chain length profoundly changes the
structures of R2DTPA SAMs on TS gold.

The alkyl layer becomes increasingly

crystalline as the steric demands of the alkyl group are decreased, which may signify that
the packing density of the adsorbates in the SAM also increases. When the chain length
is shortened to hexyl groups, the packing density may be high enough to enable the
interchain van der Waals interactions necessary to stabilize a crystalline alkyl layer.
Although our interpretation of the RAIRS data is consistent with differences in packing
density as a function of alkyl chain length, obtaining direct evidence of differences in
adsorbate packing density by comparing the intensities of the s(CH3) and as(CH3) peaks
in the RAIRS spectra is unfortunately complicated by the surface selection rule.54 SAMs
with densely packed adsorbates will produce more intense s(CH3) and as(CH3) peaks
than those with a low packing density. At the same time, however, the tilt of the methyl
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groups relative to the surface normal affects the intensities of the s(CH3) and as(CH3)
peaks according to the surface selection rule. As the length of the alkyl chain in R2DTPA
SAMs on TS gold increases from hexyl to hexadecyl, both the s(CH3) and as(CH3)
peaks decrease in intensity. The intensities of both the as(CH3) and s(CH3) peaks of the
(C6)2DTPA SAM are 2.2 times higher than those of the (C16)2DTPA SAM. Although the
higher intensity of the methyl C-H stretching peaks in the (C6)2DTPA SAM may be due
to a higher density of methyl groups on the surface, a different average tilt angle of these
adsorbates may also contribute to the observed differences in intensity.
For R2DTPA SAMs on TS gold with short alkyl chains, one important question is how
the molecules can self-organize on the surface to produce alkyl chains that are crystalline.
Although a definitive answer to this question is beyond the scope of this work and will
likely require careful study using scanning tunneling microscopy, we present a plausible
scenario based on the van der Waals distances between alkyl chains necessary to stabilize
a trans-extended, crystalline arrangement along with the geometric parameters previously
calculated for a model (nBu)2DTPA adsorbate.42 In RSH SAMs on gold, the S…S
distance between adjacent adsorbates (4.97 Å) is too large to allow van der Waals
interactions between adjacent alkyl groups; consequently, the adsorbates tilt about 30° to
reduce the distance between adjacent methylene groups to 4.2 Å, which enables
interchain van der Waals interactions and produces a crystalline alkyl layer.1 The alkyl
groups of adjacent DTPA adsorbates from the viewpoint in Scheme 6.2a are also too far
apart stabilize crystalline chains. In Scheme 6.2a, we consider the distance between the
C-P-C planes of adjacent adsorbates.

Even when the adsorbates are brought

unrealistically close (making the S…S distance 2 Å, which corresponds to the S-S bond
length in a dialkyldisulfide),55 the distance between adjacent C-P-C planes is 5 Å.56 On
the other hand, we can also consider adjacent DTPA adsorbates from the viewpoint
depicted in Scheme 6.2b, in which the alkyl chains are directed toward one another.
These chains can interact with one another if they interdigitate, which may enable
sufficient interchain van der Waals interactions to stabilize chain crystallinity and also
will increase the packing density of adsorbates on the surface. Since one driving force
for monolayer self-assembly is the formation of highly favorable Au-S bonds, it is
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reasonable to propose a self-organization process that increases the density of Au-S
bonds. Therefore, we propose that a reasonable model for R2DTPA SAMs with short
alkyl chains consists of adsorbates that self-organize on the TS gold surface with
interdigitated chains, which maximizes both interchain van der Waals forces and the
number of Au-S bonds that form during self-assembly. As the chain length increases,
however, the increased space necessary for trans-extended, interdigitated alkyl chains
will begin to reduce the packing density of adsorbates in the SAM. At this point, the two
processes that stabilize the SAM – the formation of favorable Au-S bonds and interchain
van der Waals forces via interdigitation – will be at odds with each other. We propose
that at this point it is energetically more favorable to sacrifice interchain van der Waals
interactions in favor of increasing the number of Au-S bonds. The outcome is that
R2DTPA SAMs with long alkyl chains have adsorbates that pack as densely as possible,
with a disorganized and liquid-like alkyl layer.
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Scheme 6.2. Diagrams depicting two possibilities for the self-organization of (C6)2DTPA
adsorbates in SAMs on TS gold.

a) (C6)2DTPA adsorbates aligned laterally.

b)

(C6)2DTPA adsorbates oriented to enable interdigitation of the alkyl chains.

a)

5Å
2Å

b)

Contact angles of hexadecane (HD) on R2DTPA SAMs on TS gold are consistent with
the proposed model. The contact angle data of R2DTPA SAMs on TS gold are plotted as
a function of the number of methylene groups in the alkyl chains in Figure 6.4a and
tabulated in Table S6.3. We also include contact angle data of R2DTPA SAMs on AsDep gold as a comparison system that follows the typical trend of increasing alkyl chain
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crystallinity as a function of chain length. HD is a low surface tension liquid that is
sensitive to the structure and density of the alkyl chains of SAMs.4,57,58 HD contact
angles are typically low on SAMs with liquid-like alkyl groups due to interactions with
exposed methylene groups. On SAMs formed from adsorbates with short alkyl chains,
such as C6SH, low HD contact angles can also be caused by interactions between HD and
the underlying gold.4 In contrast, SAMs with long crystalline alkyl chains, such as SAMs
of C16SH, have a densely packed methyl surface that generates HD contact angles of >
40°. HD wets the surfaces of (C6)2DTPA and (C10)2DTPA SAMs on both TS gold and
As-Dep gold (contact angle < 15°). Although RAIRS data indicates that the alkyl chains
are crystalline on the former substrate and liquid-like on the latter (Table S6.1 and S6.2),
these SAMs may be too thin to prevent HD from sensing the underlying gold. In
addition, both SAMs may expose methylene groups at the surface, either due to the
liquid-like, disorganized chains in the SAMs on As-Dep gold or to the interdigitated alkyl
groups proposed for SAMs on TS gold. The HD contact angle increases to ~32° on both
TS and As-Dep gold when the length of the alkyl chain is increased to (C12)2DTPA,
suggesting that the alkyl layers of these SAMs are thick enough to screen the underlying
gold surface from the HD drop. On both substrates, the contact angles of < 40° indicate
that the HD drop interacts with methylene units of the alkyl chains, which is consistent
with the liquid-like alkyl chains indicated by the as(CH2) and s(CH2) stretching
frequencies from RAIRS spectra of (C12)2DTPA SAMs on both As-Dep and TS gold
(Table S6.2 and S6.3). On As-Dep gold, the dodecyl chains are not yet long enough to
stabilize crystalline packing via interchain van der Waals interactions. On TS gold,
conversely, the dodecyl chains are likely too long to permit the interdigitated packing
proposed for alkyl chain crystallinity. As the alkyl chain length is increased further, the
HD contact angles sharply diverge: On As-Dep gold, the HD contact angle continues to
increase due to the increasing number of interchain van der Waals interactions that impart
crystallinity to the alkyl layer, ultimately leading to a well-packed methyl surface. In
contrast, on TS gold the HD contact angle decreases to 17° for (C14)2DTPA SAM and
then wets the surface of the (C16)2DTPA SAM. This progression in HD contact angles
follows the trend indicated by RAIRS analysis: As the alkyl chain length is increased,
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the alkyl layer becomes increasingly disordered, exposing more methylene groups that
interact with the HD probe liquid and lower the contact angle.
Water contact angle measurements are less sensitive than HD to subtle structural
differences between SAMs, such as disorder in the alkyl layer; however, the higher
surface tension of water can also yield measurable contact angles on SAMs that are
simply wet by HD to provide additional insight into the SAM structure. The water
contact angles of (C10)2-, (C12)2-, (C14)2- and (C16)2DTPA SAMs on both TS and As-Dep
gold fall within a fairly narrow range (97 – 103°) (Figure 6.3b). On these SAMs, the
water drop does not distinguish the structural differences implied by RAIRS and HD
contact angle measurements. The water contact angles of (C6)2DTPA SAMs on TS and
As-Dep gold, however, are more informative: On TS gold, a(H2O) is 80°, whereas on
As-Dep gold the value is 93°. This marked difference in water contact angles must stem
from the structural differences between (C6)2DTPA SAMs on TS and As-Dep gold
indicated by RAIRS. On As-Dep gold, the water contact angle is similar to that of a
C6SH SAM on gold and is consistent with the short, liquid-like alkyl chains of both
SAMs. On TS gold, however, the alkyl chains are crystalline, and yet the contact angle is
13° lower. Generally, SAMs with crystalline alkyl chains present well-packed methyl
surfaces that produce water contact angles > 100°. The incongruity between chain
crystallinity and water contact angle in the (C6)2DTPA SAM on TS gold can be
rationalized by considering the proposed model for this SAM, in which the crystallinity
of the alkyl chains is stabilized by an interdigitated arrangement of alkyl chains. It is
possible that interdigitation leads to a porous (but crystalline) alkyl layer that presents a
higher density of exposed methylene units than the liquid-like alkyl chains of the
(C6)2DTPA SAM on As-Dep gold.

A porous alkyl layer may also allow water to

penetrate the SAM and interact with the underlying gold substrate.
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Figure 6.4. Hexadecane (a) and water (b) contact angles of R2DTPA (n = 5, 9, 11, 13,
15) SAMs on TS gold (squares) and As-Dep gold (diamonds) plotted as a function of the
number of methylene groups in the alkyl chains.

6.3.4. Frictional Properties
We used lateral force microscopy (LFM) to probe the outermost surface of R2DTPA
SAMs on TS gold to add to our understanding of the unusual trend in crystallinity as a
function of the alkyl chain length indicated by RAIRS and contact angle measurements.
LFM records frictional forces between the tip and the sample as the tip is raster scanned
across the surface. Due to the lower frictional forces of methyl groups compared to
methylene groups, this technique can distinguish between densely packed methyl
surfaces, which are typical of SAMs comprised of ordered and crystalline alkyl groups,
and SAM surfaces with exposed methylene groups due to disordered, liquid-like alkyl
chains.8 We characterized the frictional properties of the series of R2DTPA SAMs on
both TS and As-Dep gold using a C16SH SAM as a standard, well-packed methyl surface
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in situ by preparing the samples according to Scheme 6.3. We first used microcontact
printing49 to pattern 10-m-wide lines of a C16SH SAM onto the gold substrate, and then
immersed the substrate into a 2 mM solution of R2DTPA in anhydrous toluene for 15
minutes to form a SAM in the 10-m-wide spaces between the lines of the C16SH SAM.
The 15 minute exposure time minimizes exchange between R2DTPA and C16SH
molecules, and produces R2DTPA SAMs that are indistinguishable by RAIRS and XPS
from R2DTPA SAMs formed for 24 hours.41
Scheme 6.3. Process used to pattern alternating lines of R2DTPA and C16SH SAMs on
TS and As-Dep gold substrates.

LFM images of alternating lines of C16SH and R2DTPA SAMs on both TS and As-Dep
gold are shown in Figure 6.5. We used a minimal force (~0.1 nN) between the tip and
the surface in order to limit penetration of the tip into the SAM. In the resulting LFM
images, dark areas correspond to methyl groups (low friction), and bright areas
correspond to methylene groups (high friction). LFM images of both patterned substrates
show a set of lines that are consistently dark, which are due to the well-packed methyl
surface of the C16SH SAM. On As-Dep gold, the frictional forces between the tip and the
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R2DTPA SAM follow the typical trend: As the alkyl chain length increases, the frictional
forces decrease, corresponding to an increase in alkyl group crystallinity and methyl
group packing density at the surface. Upon reaching the hexadecyl chain length, the
surface of the (C16)2DTPA SAM on As-Dep gold is indistinguishable from that of the
C16SH SAM. In contrast, the LFM images of patterned R2DTPA SAMs on TS gold show
that the frictional forces between the tip and the R2DTPA SAM increase as the alkyl
chain length increases, which is consistent with the increasing alkyl group disorder
indicated by RAIRS and contact angle measurements. The surface of the (C 16)2DTPA
SAM exhibits the highest difference in friction compared to the C16SH SAM; not
surprisingly, this SAM has the most liquid-like and disorganized alkyl layer of the series
according to RAIRS and contact angle data. It is interesting, however, that the frictional
forces of the (C10)2DTPA SAM are the lowest (i.e., the most similar to the C16SH SAM)
of the series on TS gold, even though RAIRS data indicates that the alkyl chains of the
(C10)2DTPA SAM are less crystalline than those of the (C6)2DTPA SAM (Table S6.1).
At the same time, however, the water contact angle of the (C6)2DTPA SAM is 17° lower
than that of the (C10)2DTPA SAM. We interpret the markedly low water contact angle of
the (C6)2DTPA SAM and the slightly higher frictional forces as an outcome of the
interdigitated alkyl chains proposed for this SAM: Trans-extended, interdigitated alkyl
groups may produce a rather porous structure that exposes methylene units to both the
water drop and the AFM tip. Increasing the alkyl chain length by four methylene units in
the (C10)2DTPA SAM results in an alkyl layer with slightly more disordered chains due to
the increased steric demands of these alkyl groups, but the water contact angle increases
and the frictional forces are lower. The methylene groups are evidently screened by the
methyl surface in this SAM, which indicates that the structure of this SAM is less porous
than that of the (C6)2DTPA SAM.
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Figure 6.5. LFM images of alternating lines of C16SH and R2DTPA (n = 5, 9, 11, 13, 15)
SAMs patterned on TS gold (left) and As-Dep gold (right). Bright areas correspond to
regions of higher friction. White lines correspond to representative profile measurements
depicting the change in friction across the image. Z-scale is 250 mV for all images.
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6.3.5. Electrochemical Barrier Properties
We used electrochemical impedance spectroscopy (EIS) to further characterize the
structures of R2DTPA SAMs on TS gold. In the EIS experiment, we apply a small
sinusoidal ac perturbation at frequencies ranging from 50 mHz to 20 kHz to the SAM in
the presence of an aqueous K4Fe(CN)6 / K3Fe(CN)6 redox probe.59

Measuring the

corresponding current response yields the complex impedance of the SAM, which is
presented as a Bode magnitude plot for each R2DTPA SAM on TS gold in Figure 6.6.
We fit the impedance data using a Randles equivalent circuit to determine values of
resistance and capacitance for each SAM. The simple circuit model in Figure 6.7a was
appropriate to model the EIS data of R2DTPA SAMs with alkyl chain lengths ranging
from decyl to hexadecyl. This circuit model consists of a solution resistance in series
with a parallel Faradaic impedance (RSAM) and coating capacitance (CSAM). The Nyquist
plot of the (C6)2DTPA SAM (Figure S6.2), however, exhibited a 45° Warburg line on the
low frequency side, which indicates that this SAM permits the diffusion of the redox
probe molecule through the SAM to the underlying gold.60 Accordingly, we used the
Randles equivalent circuit in Figure 6.7b to model this data. This circuit model includes
a Warburg element to model the linear diffusion.

(C6)2DTPA
(C10)2DTPA
(C12)2DTPA
(C14)2DTPA
(C16)2DTPA

Impedance (kΩ)

104
103
102
101
100
10-1 -1
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100
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102
103
Frequency (Hz)

104

Figure 6.6. Bode magnitude plots for R2DTPA SAMs formed on TS gold showing the
raw data (dotted lines) and data derived from circuit modeling (solid lines).
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Figure 6.7. Randles circuit models used to fit raw EIS data of R2DTPA SAMs on TS
gold. a) Circuit model used to model impedance data of R2DTPA SAMs with n = 9, 11,
13, 15. b) Circuit model used to model impedance data of (C6)2DTPA SAMs.

The resistances of R2DTPA SAMs derived from circuit modeling are plotted in Figure
6.8a as a function of the number of methylene units in the adsorbate. We used the
capacitance values (plotted in Figure 6.8b) from circuit modeling to calculate SAM
thicknesses using the following relation:3

d

 0
C

[1]

where d is the SAM thickness in Angstroms, C is the capacitance per area in F m -2, ε is
the dielectric constant of the SAM (measured for CnSH SAMs (n = 16, 18) on gold using
surface plasmon resonance to be 2.1)61 and ε0 is the permittivity of free space (8.854  1012

F m-1). Capacitances and calculated thickness values of R2DTPA SAMs are plotted as

a function of the number of methylene groups in Figures 8b and 8c. Resistance values,
capacitances, and calculated thicknesses are tabulated in Table S6.4. Among the series of
R2DTPA SAMs studied, the (C6)2DTPA SAM is unique: Despite having alkyl chains
with the highest crystallinity, it exhibits the lowest resistance to charge transfer, it is the
thinnest SAM, and it is the only one that permits diffusion of the redox probe through the
SAM to the gold surface. We have proposed a model for this SAM based on RAIRS,
193

The Unusual Self-Organization of Dialkyldithiophosphinic Acid
Self-Assembled Monolayers on Ultrasmooth Gold
contact angle, and LFM results in which the alkyl layer is porous due to an interdigitated
arrangement of crystalline alkyl chains. The barrier properties are consistent with this
model, and indicate that the alkyl layer is porous enough to permit diffusion of the redox
probe through the SAM. Increasing the chain length to decyl increases the resistance of
the SAM by an order of magnitude and reduces diffusion of the redox probe molecule
through the SAM, which indicates that this SAM is less porous than the (C6)2DTPA
SAM. Considering these barrier properties along with our interpretation of RAIRS and
contact angle data, we conclude that the decyl chains are too long to support the
interdigitated, crystalline arrangement proposed for the (C6)2DTPA SAM; consequently,
the decyl chains become disordered, which lowers the porosity of the alkyl layer and thus
prevents diffusion of the redox probe molecule. Despite the addition of four methylene
units, the (C10)2DTPA SAM is only ~1 Å thicker than the (C6)2DTPA SAM, which may
be due to the change from trans-extended alkyl chains in the (C6)2DTPA SAM to
disordered and liquid-like alkyl chains in the (C10)2DTPA SAM. Increasing the alkyl
chain length to dodecyl chains increases the resistance and thickness of the SAM, as
expected; however, both of these properties remain relatively constant as the chain length
is increased further to tetradecyl and hexadecyl. We believe that this result not only
supports the model we have proposed for long-chain R2DTPA SAMs on TS gold, it also
adds to our understanding: We have proposed that the alkyl layer becomes increasingly
liquid-like due to the steric demands of the alkyl groups, which prevent the chains from
adopting the trans-extended, interdigitated arrangement proposed for the (C6)2DTPA
SAM. For the SAM thickness and resistance to remain relatively unchanged in SAMs
with dodecyl to hexadecyl chains, however, there must be a gradual decrease in adsorbate
packing density that allows the alkyl groups fill the space between adsorbates. The
reduction in packing density is likely caused by the increased steric demands of the alkyl
groups. It is important to note that we have not directly determined the adsorbate packing
densities of these SAMs; nonetheless, RAIRS as(CH3) intensities and EIS data both
support the idea that adsorbate packing densities decrease as the steric demands of the
alkyl groups increase.
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Figure 6.8. EIS parameters calculated from fitting raw impedance data to the appropriate
Randles equivalent circuit model for R2DTPA (n = 5, 9, 11, 13, 15) SAMs on TS gold.
(a) Resistance, (b) capacitance, and (c) effective thickness plotted as a function of the
number of methylene groups in the alkyl chains.
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6.4. Conclusions
Identifying the factors that influence the self-assembly of adsorbates on surfaces, and
understanding the interplay between them, is essential for the development of design
rules to permit the design of adsorbates to produce complex self-organized structures on
surfaces. For example, effective design rules may permit the design of adsorbates to
produce SAMs with specific adsorbates packing densities, wettabilities, and frictional
properties. Surfaces might be custom designed to permit intercalation of specific guest
molecules. Our work on SAMs formed from DTPA adsorbates demonstrates that the
simplistic picture invoked for n-alkanethiolate SAMs on gold, in which adsorbatesubstrate interactions and intermolecular van der Waals interactions govern SAM
structure, is not sufficient to explain the self-organization of these complex adsorbates on
surfaces. The study presented here reveals that the structures of R2DTPA SAMs on TS
gold are determined by the interplay of four factors: (i) adsorbate-substrate interactions;
(ii) gold substrate morphology; (iii) lateral van der Waals interactions between alkyl
groups; and (iv) steric demands of the alkyl groups. The first two factors operate
independently of the alkyl chain length. Regardless of the choice of alkyl substituent,
highly favorable the Au-S interactions between the R2DTPA adsorbates and gold
substrate are a driving force for the formation of the SAMs, and the smooth morphology
of the TS gold surface is necessary to enable chelation of the adsorbate headgroups. The
establishment of favorable van der Waals interactions between alkyl chains drives
R2DTPA adsorbates with hexyl substituents to self-assemble in an arrangement that
likely features interdigitation of the alkyl groups, leading to a crystalline and ordered
alkyl layer. As the chain length is increased, however, the final factor – steric demands
of the alkyl groups – comes into play. As the steric demands increase, the alkyl chains
become increasingly liquid-like and disorganized, and the packing density of adsorbates
likely decreases on the surface.
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e)

Figure S6.1. XPS survey scans for SAMs formed from a) (C6)2DTPA, b) (C10)2DTPA,
c) (C12)2DTPA, d) (C14)2DTPA, and e) (C16)2DTPA on TS gold.
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Table S6.1. Position and intensity of methyl and methylene C-H stretches of R2DTPA
SAMs on TS gold as determined by RAIRS.

(C6)2DTPA

(C10)2DTPA

(C12)2DTPA

as (CH3) (cm-1)

2967

2967

2967

2967

2967

FWHM (cm-1)

5.0

5.4

5.5

4.6

6.5

Intensity (au)

0.00039

0.00062

0.00037

0.00027

0.00018

2919

2922

2922

2923

2925

0.00012

0.00059

0.00095

0.00115

0.00195

2878

2879

2880

2880

2880

0.00018

0.00028

0.00016

0.000121

0.00008

2850

2851

2852

2853

2854

0.000093

0.00043

0.00054

0.00061

0.00087

as (CH2) (cm-1)

Intensity (au)
s (CH3) (cm-1)

Intensity (au)
s (CH2) (cm-1)

Intensity (au)

(C14)2DTPA (C16)2DTPA
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Table S6.2. Position of methylene C-H stretches of R2DTPA SAMs on As-Dep gold as
determined by RAIRS.43
peak positions (cm-1)
(C6)2DTPA

(C10)2DTPA (C12)2DTPA

(C14)2DTPA

(C16)2DTPA

as (CH2) (cm-1)

2922

2922

2921

2921

2918

s (CH2) (cm-1)

2853

2853

2852

2851

2850

Table S6.3. Static water and hexadecane contact angles of R2DTPA SAMs on As-Dep
and TS gold.

As-Dep Gold

s(H2O) (°)

TS Gold

s(HD) (°)

s(H2O) (°)

s(HD) (°)

(C6)2DTPA

93.3 +/- 2.2

<15

79.5 +/- 2.8

<15

(C10)2DTPA

99.6 +/- 1.0

<15

97.3 +/- 2.1

<15

(C12)2DTPA

103 +/- 1.0

33.2 +/- 2.3

100.6 +/- 1.8

31.9 +/- 1.8

(C14)2DTPA

102.9 +/- 0.9

42.4 +/- 0.8

102.8 +/- 1.4

17.0 +/- 1.1

(C16)2DTPA

102.3 +/- 0.7

42.6 +/- 1.9

97.5 +/- 1.5

<15
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Figure S6.2 Nyquist plots of R2DTPA SAMs on TS gold for n = a) 5 b) 9 c) 11 d) 13 e)
15.
Table S6.4. Resistance, capacitance, and thickness values of R2DTPA SAMs on TS gold
calculated from Randles equivalent circuit analysis.

R (kΩ·cm2)

C (μF · cm-2)

T (Å)

(C6)2DTPA

0.7 +/- 0.4

5.18 +/- 0.27

3.59 +/- 0.18

(C10)2DTPA

16.4 +/- 7.8

4.38 +/- 0.05

4.24 +/- 0.05

(C12)2DTPA

1000 +/- 545

1.63 +/- 0.15

11.44 +/- 0.98

(C14)2DTPA

1156 +/- 544

1.51 +/- 0.20

12.46 +/- 1.55

(C16)2DTPA

317+/- 51

1.37 +/- 0.05

13.55 +/- 0.49
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7.1. Introduction
This chapter describes the preparation and structural characterization of ultra smooth
gold substrates fabricated using chemical mechanical polishing (CMP). We demonstrate
CMP – a well established semiconductor fabrication technique – is capable of producing
gold substrates with root mean squared (RMS) surface roughness values of 3 – 5 Å over
the full surface area of a 75 mm diameter silicon wafer. In addition, this process is fast (<
5 minutes), and produces extremely uniform surfaces; wafer-to-wafer and within-wafer
roughness non-uniformities are < 17%. We show that polished gold (AuCMP) substrates
are ideal candidates for bottom electrodes in metal-SAM//Ga2O3/EGaIn molecular
junctions by measuring the charge transport properties of a series of n-alkanethiolate self
assembled monolayers (SAMs) (n = 9 – 16). We compare n-alkanethiolate SAMs formed
on AuCMP substrates to those formed on template-stripped gold (AuTS) substrates – the
most commonly used ultra smooth substrate for SAM based junctions – and show that the
charge transport properties are statistically indistinguishable, furthermore, junctions
formed using AuCMP substrates had a significantly higher working junction yield.
The integration of individual molecules as the active or passive components in
electronic devices (now known as ‘molecular electronics’) has been the subject of a great
research effort in recent years.1-10 Moore’s law states that the number of electrical
components (transistors) that fit onto a conventional integrated circuit (IC) chip grows
exponentially, doubling about every two years.7,11 In order for this trend to continue past
the capabilities of current complementary metal-oxide semiconductor (CMOS)
fabrication methods, the size of the components that make up these devices must shrink
accordingly, with some estimates predicting a need for molecular scale components in the
very near future.7 Molecules are a promising candidate to fulfill this need owing to their
small size and easily tunable electronic properties.6
Measuring the charge transport properties of molecules requires sandwiching them in
between two conductive electrodes to form a ‘molecular junction’.3 SAMs provide an
excellent platform for studying charge transport properties owing to the fact that
molecules in the SAM are already supported by a coinage metal (silver, gold) substrate
which serves as the bottom electrode in a molecular junction.12 A variety of structures
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have been studied as the top electrode in molecular junctions, including scanning
tunneling microscopy (STM) and conductive atomic force microscopy (AFM) probes,13-30
conductive polymers,31 mercury liquid metal drops,32-42 and more recently, EGaIn (a
liquid eutectic alloy, 75.5 wt % Ga and 24.5 wt % In),43-55 to name a few.
It is widely accepted that charge transport through insulating SAMs, such as those
formed from n-alkanethiolates, occurs via non-resonant, coherent tunneling and adheres
to an approximation of the Simmons equation:56,57

In this model, the current density through the SAM, J, is exponentially dependent upon
the thickness of the tunneling barrier, d. The parameter  governs the relationship
between the exponential decay of current density as the thickness of the tunneling barrier
is increased. In principle,  depends only on the molecular orbitals of the molecules
comprising the SAM, and should be independent of the top and bottom contacts used to
assemble the junction.3 The pre-exponential factor, J0, describes the resistance of the top
and bottom contact of the junction, and depends on position of the molecular orbitals of
the molecules comprising the SAM with respect to the Fermi energy levels of the top and
bottom electrode.6 Top and bottom contacts that are highly conductive will lead to high
values of J0, while resistive contacts will lead to low values of J0. In order to determine 
and J0 for a given system, current densities must be measured through a series of
molecules while varying the length of the tunneling barrier, which is often accomplished
by increasing the molecular length by a discrete amount (i.e. one methylene unit). One
inherent assumption of using the Simmons equation to describe charge transport through
SAMs is that the molecular orbitals, and consequently , are independent of the
molecular length.
Despite a plethora of test structures available for measuring charge transport through
SAMs, and suitable physics to model and describe the mechanism of transport, data that
are ambiguous, inconsistent, and irreproducible have stymied progress in this field. The
origins of these problems can be traced to two major contributing factors: experimental
design and statistical analysis.5,46
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Recently, a large research effort has been put forth to develop a set of reliable protocols
for measuring and analyzing charge transport through SAMs.46,55,58

and references therein

In a

system pioneered by the Whitesides group, many researchers are now measuring charge
transport through SAMs using a metal-SAM//Ga2O3/EGaIn junction. EGaIn is used as a
top contact for several reasons: First, EGaIn is a liquid eutectic alloy that makes
conformal, non-damaging contact to the surface of the SAM.54 Second, the surface of
EGaIn readily oxidizes in ambient conditions to form a self-limiting ‘skin’ of Ga2O3.55
This skin not only provides a barrier between the SAM and the EGaIn metal, increasing
the junction yield, but also imparts non-Newtonian properties to the liquid eutectic which
allows it to be formed into a conical shaped tip. The EGaIn tip can be made sharp, with
radii as a small as 25 microns, reducing the effect of ensemble measurements seen in
large area soft-contact top electrode junctions. Finally, the EGaIn tip electrode requires
no specialized equipment, and allows for numerous (> 500) measurements in a day,
providing a large pool of data from which meaningful statistics can be drawn.54
The development of the EGaIn tip electrode and a set of statistical tools for proper data
analysis have aided the ability of researchers to produce meaningful measurements of
charge transport through SAMs. However, structural defects inherent to SAMs will
always be a major contributing factor to variability in the data.36 Current density is
exponentially dependent on the thickness of the tunneling barrier; defects in the SAM
that lead to ‘thin’ or ‘thick’ areas will cause variation in the measured values of J.46
While ‘thick’ areas of the SAM are usually caused the adsorption of adventitious
organics on the surface of either the SAM or the Ga2O3 skin and are unavoidable in
ambient conditions,55 ‘thin’ areas of the SAM can be caused by local disorder due to the
roughness and grain structure of the underlying metal substrate.20,36
Scanning probe methods have shown that polycrystalline coinage metal films produced
by electron beam evaporation (As-Deposited, or As-Dep films) are rough (RMS
roughness values of 30 – 80 Å),59-61 and have a surface morphology comprised of small
grains which are separated by deep grain boundaries.59-62 Although the tops of these
grains are atomically flat, the grain boundaries are made up of several atomic steps,
which can cause misalignment between neighbouring molecules leading to a disruption
of intermolecular van der Waals interactions.12 For n-alkanethiolate SAMs, this
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disruption of van der Waals interactions between neighbouring alkyl chains can lead to
various types of defects in the monolayer.
In an effort to minimize the number of substrate induced defects in SAMs – and
consequently the statistical variation in measurements of current density – researchers
now fabricate junctions using ultra smooth coinage metal substrates as the SAM-bearing
bottom electrode. These substrates are produced using a process known as ‘template
stripping’ in which the coinage metal film is evaporated onto an ultra smooth ‘template’
substrate, and subsequently stripped away to reveal the smooth underside of the
film.60,61,63,64 Template stripped (TS) metal substrates are smooth (RMS roughness values
of 2 – 10 Å), and have a surface comprised of large (50 – 500 nm), atomically flat
terraces that vary by only a few atomic steps in height.60 Contact angle hysteresis
measurements of n-alkanethiolate SAMs formed on TS metal substrates demonstrate that
the low density of atomic steps at the metal surface leads to better alignment of
neighbouring alkyl chains through increased van der Waals interaction.65,66
Molecular tunnel junctions formed from n-alkanethiolate SAMs on TS metal substrates
have a lower statistical variance in the measured current densities, as well as a decreased
number of failed junctions compared to those formed using As-Dep substrates.20,36 A
comparison of molecular tunnel junctions formed from n-alkanethiolate (n = 10, 12, 14)
SAMs formed on both TS silver (AgTS) and As-Dep silver (AgAs-Dep) substrates using the
hanging Hg drop electrode show that SAMs formed on AgTS substrates have a statistical
variance in current density several order of magnitudes lower than for those formed on
AgAs-Dep substrates, with greatly improved junction yields.36 A similar study comparing
molecular tunnel junctions formed from 1-decanethiolate SAMs formed on both AuTS
substrates and AuAs-Dep substrates using a conductive probe AFM top electrode also
revealed a decrease in the statistical variance of the measured current densities for SAMs
formed on AuTS substrates.20 These two studies are important because they demonstrate
that substrate morphology has a profound influence on the measurement of current
density through SAMs, and that this influence is independent of the nature of the top
contact (hard vs. soft), the area of measurement (several nanometers vs. several
micrometers), and the metal used as the bottom electrode (Ag vs. Au).
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TS metal substrates have proven to be a reliable platform for the formation and
electrical characterization of n-alkanethiolate SAMs; however, several limitations, owing
to the fabrication procedure, may inhibit their use in more complicated systems. First, the
fabrication of TS metal substrates leads to an excess of wasted material; a sacrificial ultra
smooth substrate (usually a silicon wafer60 or freshly cleaved mica63) is needed to
template the growth of the film, and the evaporated metal films must be very thick (up to
600 nm) to avoid pinhole defects.60 Second, template stripping requires that a secondary
substrate – usually glass – be adhered to the top, rough side of the evaporated metal film
using an optical adhesive which is cured using UV light. Immersing adhesive backed
substrates into solvent during SAM formation may lead to unintended contamination. The
adhesives commonly used for template stripping contain thiol precursors which may act
as competitive adsorbates on coinage metal surfaces if cross-linking is not 100%
complete prior to immersion.67 Consequently, it is common practice amongst researchers
to allow TS metal substrates to cure in ambient conditions for over a week after the initial
prescribed UV cure time to ensure complete cross-linking. Furthermore, although these
adhesives are compatible with the ethanolic solutions required for n-alkanethiolate
SAMs, more complicated molecules may require strong organic or chlorinated solvents,
which can cause swelling and dissolution of the film.68 Finally, template stripping
requires that the material to be deposited does not adhere to the smooth template surface.
Coinage metals do not adhere to silicon or mica, making them ideal candidates for
template stripping; however, the study of molecules with different head group binding
chemistry will require ultra smooth substrates of different materials. If these new
materials adhere to silicon or mica, new template substrates or template surface
modification will be required to inhibit adhesion.
This work details the fabrication of ultra smooth gold substrates for use as bottom
electrodes in SAM-based molecular tunnel junctions that retain the benefits of AuTS,
while eliminating the shortcomings. We fabricate ultra smooth gold substrates using
chemical mechanical polishing, a well known fabrication method in the semiconductor
manufacturing industry. CMP is widely regarded as the foremost technology for
planarization in silicon integrated circuit fabrication.69 The two most common
applications of CMP include the planarization of dielectric and metallic films during the
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fabrication of multilevel interconnects, and the fabrication of microstructures through
shallow trench isolation or the damascene/dual damascene processes.69 During the CMP
process, the wafer to be polished is mounted onto a wafer carrier, or jig, which is held in
forced contact with a polishing pad that has been adhered to a stainless steel platen. An
aqueous slurry containing abrasive particles and/or chemical etchants is continuously
dripped onto the polishing pad while the wafer is moved linearly and rotationally relative
to the pad, causing removal of material at the wafer surface. The polishing pad and the jig
are rotated in the same direction about their own independent axes while the jig is swept
linearly across the pad to improve processing uniformity.
Although CMP has traditionally been applied to planarization processes, it can also be
used to remove surface defects such as scratches and roughness.69 In metal-CMP
processes, chemical etchants in the slurry oxidize the metal surface to produce a layer
that is either soluble in aqueous media, or a layer that is soft and porous which can
subsequently be removed by the mechanical force of the abrasive and polishing pad. The
addition of organic complexing agents can improve the metal-CMP process by lowering
the surface free energy of metal ions produced at the surface of the film and promoting
dissolution.69 Without dissolution of surface metal ions, re-deposition and material
buildup can cause surface damage. Another important parameter in the metal-CMP
process is the pH of the aqueous slurry; both the oxidation potential of the metal and the
ability of the organic additive to complex with the free metal ions are dependent upon
pH.69
Gold CMP processes have previously been developed for solder bump planarization,70
damascene processes,71 and nanochannel fabrication,72 but there has yet to be a process
developed specifically for fabricating ultra smooth gold surfaces for use as substrates in
SAM formation. Williams et al. have demonstrated that, using CMP, As-Dep platinum
(PtAs-Dep) surfaces on 100 mm diameter silicon wafers can be polished to produce RMS
surface roughness values as low as 1 Å, and that these substrates can serve as bottom
electrodes in molecular electronic devices.73 Langmuir Blodgett monolayers of
alkoxynaphthalenethiol formed on polished Pt (PtCMP) electrodes with a evaporated metal
top electrodes showed an impressive 100% device yield, while SAMs of
alkoxynaphthalenethiol showed a 35% device yield. Apart from this isolated study, we
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are unaware of other attempts to characterize the electrical properties of SAMs on
polished metal electrodes, particularly the most common metals used in SAM formation,
gold and silver.
We used a fast (< 5 min) CMP process to fabricate gold substrates that are (i) ultra
smooth, with an average RMS surface roughness value of 3.8 Å, (ii) uniform over the full
area of a 75 mm silicon wafer, having within-wafer and wafer-to-wafer surface roughness
non-uniformities < 17%, (iii) free from optical adhesive and compatible with all common
organic solvents, (iv) free from wasted materials – the entire area of a polished silicon
wafer can be used for SAM characterization, and the thickness of the deposited metal
film need only be 50 nm – and (v) ideal as substrates for measuring charge transport
through n-alkanethiolate SAMs using AuCMP–SAM//Ga2O3/EGaIn junctions. We studied
a series of n-alkanethiolate SAMs with different chain lengths (n = 9 – 16) formed on
AuCMP substrates, and demonstrate that the measured values of  and J0 are
indistinguishable from SAMs formed on AuTS substrates, and that the working junction
yield is significantly higher on AuCMP.
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7.2. Experimental Section
All chemicals were purchased commercially and used as received unless otherwise
specified. Nuclear magnetic resonance (NMR) spectroscopic data were obtained and
recorded on a Bruker Ultrashield 300 MHz spectrometer at room temperature, and shifts
are reported in parts per million (ppm). 1H NMR spectra were referenced to residual
proton peaks of CDCl3 ( = 7.27 ppm). 1-tridecanethiol was synthesized according to
published procedures.58 The synthetic procedure and NMR spectroscopic data are
available in the supporting information. n-alkanethiols (synthesized and commercially
received) were purified by silica gel column chromatography using gravity elution with
100% hexanes. Sample spectra of purified thiols are available in the supporting
information.

7.2.1. Preparation of CMP Polishing Slurry
CMP polishing slurry was prepared by adding 5 g of hydrophilic fumed silica (Aerosil
200), 0.03 g of I2, 0.3 g of KI, 4.1 g of citric acid, and 0.925 g of trisodium citrate to a
flask containing 500 mL of deionized water. The aqueous mixture was simultaneously
sonicated (Branson model 3500) and bubbled with dry nitrogen for one hour and then
poured into a PM5 Syton feed unit (Logitech Ltd.) prior to polishing.

7.2.2. CMP of Gold Substrates
AuAs-Dep substrates were fabricated by evaporating 2 nm of titanium as an adhesion
promoter onto 75 mm diameter silicon wafers, followed by 50 nm of gold using an ebeam evaporator. Prior to polishing, AuAs-Dep substrates were bonded to a 75 mm
diameter glass carrier disc (Logitech Ltd.) using low melting quartz wax (South Bay
Technologies Inc.) at 100 °C on a hot plate. The glass carrier disc bearing the AuAs-Dep
substrate was held in vacuum contact with the chuckface of a PP5 polishing jig (Logitech
Ltd., UK). A 12 inch diameter polyurethane polishing cloth (Chemcloth, Logitech Ltd.)
was adhered to the 12 inch diameter stainless steel platen of a PM5 lapping and polishing
system (Logitech Ltd). The polishing cloth was cleaned by first soaking with deionized
water for 5 minutes, followed by removal of the water using a glass microscope slide
(VWR). The cleaning procedure was repeated three times. After cleaning, polishing
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slurry was dripped onto the polishing cloth from the PM5 Syton feed unit and allowed to
soak for 15 minutes before being removed with a glass microscope slide. Fresh polishing
slurry was dripped onto the polishing cloth until a thin film covered the entire area of the
cloth, at which point the polishing jig bearing the AuAs-Dep substrate was placed face
down onto the polishing cloth with minimal down force (< 1 psi). AuAs-Dep substrates
were polished for four minutes with a platen rotational speed of 25 rpm and a jig head
sweep speed of 5 mm / sec. During polishing, fresh slurry was dripped onto the polishing
pad at a rate of 2 – 3 drops per second from the PM5 Syton feed unit. Polishing slurry in
the PM5 Syton feed unit underwent constant stirring throughout the duration of the polish
using a stir bar and stir plate. After polishing, the glass carrier disc bearing the AuAs-Dep
substrate was removed from the PP5 jig chuck face and immediately rinsed with
deionized water to remove residual slurry, followed by drying under a stream of dry
nitrogen.

7.2.3. Cleaning of AuCMP Substrates
AuCMP substrates were removed from the glass carrier disc after heating to 100 °C on a
hot plate for 5 minutes to melt the bonding wax. Residual wax on the backside of the
polished gold wafers was removed using a cloth soaked with toluene, followed by rinsing
with toluene and drying under a stream of dry nitrogen. Polished gold wafers were
sonicated for 15 minutes in deionized water at 75 °C to which 5 g of detergent
(Sparkleen, Fisher Scientific) had been added. Polished gold wafers were then rinsed
successively with deionized water and methanol, dried under a stream of dry nitrogen,
and stored in a polystyrene Petri dish at ambient conditions prior to use.

7.2.4. Preparation of AuTS Substrates
AuTS substrates were fabricated according to published procedures.60 500 nm of gold
was deposited onto a 75 mm diameter silicon wafer using an e-beam evaporator, then a
small drop (5 L) of UV curable adhesive (NOA 83H, Norland Optical) was applied to
the gold surface followed by a 1 cm x 1 cm glass substrate. After curing the adhesive
using a 100 W UV lamp for 15 minutes, the glass slide was stripped from the silicon
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wafer using a scalpel.

AuTS substrates were used immediately after stripping for SAM

formation to minimize surface contamination.

7.2.5. Atomic Force Microscopy and Uniformity Study
AFM images were obtained using a Digital Instruments Multimode atomic force
microscope run in contact mode. Veeco type SNL (silicon tip on nitride lever) cantilevers
were used with a nominal tip radius of 2 nm and a nominal force constant of 0.12 N/m.
AFM images were collected over a 1 m x 1 m scan area using a scan rate of 2.0 Hz
and a scanning resolution of 512 samples/line. Images were collected using Nanoscope 6
software and processed using WSxM 5.0 Develop 1.0 software.74 The uniformity of
polished gold substrates was assessed by collecting AFM images and measuring the RMS
surface roughness of three randomly selected 1 m x 1 m areas from 1 cm x 1 cm
AuCMP substrates. These 1 cm x 1 cm polished gold substrates were cut from four
different geometric locations (~ 15 mm, 30 mm, 45 mm, and 60 mm from the wafer flat)
of five different AuCMP wafers to make a total sample size of 20 substrates, and 60 AFM
images.

7.2.6. Substrate Characterization
Optical inspection was performed using an Olympus BX51 microscope equipped with
an Olympus Q-Color3 camera. SEM images were collected with a LEO (Zeiss) 1540XB
SEM (Western Nanofabrication Facility, London, ON, Canada).

7.2.7. Formation of Dihexadecyldithiophosphinic acid SAMs on
AuCMP Substrates
1 cm x 1 cm AuCMP substrates were cut from a 75 mm diameter AuCMP wafer and
sonicated in anhydrous ethanol for 5 minutes to remove residual organics. The cleaned
AuCMP substrates were submerged into a 1 mM solution of dihexadecyldithiophosphinic
acid (synthesized according to published procedures) in toluene and allowed to incubate
under a N2 atmosphere for 12 hours at room temperature. Prior to XPS analysis, AuCMP
substrates were removed from solution, immersed into 100 mL of fresh toluene (to
remove residual organics) and dried under a stream of dry N2.
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7.2.8. Formation of n-Alkanethiolate SAMs on AuCMP Substrates
1 cm x 1 cm AuCMP substrates were cut from a 75 mm diameter AuCMP wafer and
sonicated in anhydrous ethanol for 5 minutes to remove residual organics. The cleaned
AuCMP substrates were submerged into a 1 mM solution of the appropriate n-alkanethiol
in ethanol and allowed to incubate under a N2 atmosphere for 12 hours at room
temperature. Prior to electrical characterization, SAM-bearing AuCMP substrates were
removed from solution, immersed successively into three vials containing 10 mL of fresh
anhydrous ethanol (to remove residual organics), and dried under a gentle stream of dry
nitrogen.

7.2.9. Formation of n-Alkanethiolate SAMs on AuTS Substrates
1 cm x 1 cm AuTS substrates were stripped from a silicon wafer and immediately
submerged into a 3 mM solution of the appropriate n-alkanethiol in ethanol and allowed
to incubate under an N2 atmosphere for 3 hours at room temperature. Prior to electrical
characterization, SAM bearing AuTS substrates were removed from solution, immersed
successively into three vials containing 10 mL of fresh anhydrous ethanol (to remove
residual organics), and dried under a gentle stream of dry nitrogen.

7.2.10. X-Ray Photoelectron Spectroscopy (XPS)
XPS spectra were collected at Surface Science Western (London, Ontario, Canada)
using a Kratos Axis Ultra X-ray photoelectron spectrometer with a monochromatic Al
K source. The detection limit of the instrument is 0.1 - 0.5 at. %. Analyses were carried
out over a 300 m x 700 m scan area. Survey scan analyses were carried out with a pass
energy of 160 eV. High resolution analyses were carried out with a pass energy of 20 eV.
Samples were analyzed at a 30° takeoff angle (60° tilt). High resolution sulfur line shapes
were fit using one pair of spin-orbit-split components (2p3/2 and 2p1/2) assuming a
Gaussian:Lorentzian (70%:30%) line shape and a fixed splitting energy of 1.18 eV with a
2:1 area ratio.75 Thickogram calculations76 were also carried out at Surface Science
Western.
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7.2.11. Electrical Measurements of n-Alkanethiolate SAMs on
Gold
Electrical characterization was performed using a home-made molecular tunnel
junction characterization system. The conical shaped EGaIn (Aldrich) top electrode was
fabricated by extruding a small drop (~ 0.5 L) of EGaIn from a 10 L gas tight syringe
(Hamilton Scientific LLC), bringing the drop into contact with a sacrificial AuTS
substrate using a micropositioner (Newport Corp.), and bifurcating the EGaIn drop into a
conical shape by slowly removing the syringe from the sacrificial substrate. A test lead
equipped with a micro hook (E-Z Hook) was used to make electrical connection to the
syringe needle bearing the conical EGaIn tip. The gold substrate served as the ground
electrode by means of a second micro hook test lead that penetrated the SAM and
contacted the gold directly. A triaxial cable connected both electrodes to an external
amplifier, which was connected to a Keithley 6430 source meter. Molecular tunnel
junctions were formed by slowly bringing the conical EGaIn tip into gentle contact with
its own reflection in the SAM bearing gold substrate as imaged by a high resolution
analytical CCD camera (Edmund Optics). The source meter applied a bias across the
molecular tunnel junction and measured the resulting current, with a single scan being
defined as a bias sweep from 0 V  -0.5 V  +0.5 V  0 V. Current densities were
calculated assuming a circular contact area, with the diameter of the junction measured
using the high magnification CCD camera. After establishing contact between the EGaIn
top electrode and the SAM, the presence of a molecular tunnel junction was confirmed by
measuring a single J(V) trace. A working junction was defined as a sigmoidally shaped
J(V) trace, while a short circuit was defined as a straight line in which the current reached
the compliance of the source meter (105 mA). After establishing a working tunnel
junction with the first J(V) trace, 20 subsequent J(V) traces were measured from the same
area. A minimum of 13 randomly sampled tunnel junctions totalling a minimum of 260
J(V) traces were measured for each n-alkanethiolate SAM on both AuTS and AuCMP
substrates. The non-shorting junction yield is defined as the number of junctions that
short circuit divided by the total number of junctions sampled, after the first working
junction (21 J(V) traces) of that particular sample has been established.
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7.2.12. Solvent Compatibility Study
1 cm x 1 cm AuTS and AuCMP substrates were immersed into separate vials containing 5
mL of various solvents (ethanol, toluene, chloroform, and dichloromethane). Optical
micrographs were collected before immersion and after removing the substrates from
solvent at various time intervals (1 hour, 3 hours, 24 hours). After optical inspection, the
substrates were immediately placed back into solution.

7.3. Results and Discussion
7.3.1. Ultrasmooth Gold Films Fabricated using CMP
We prepared AuAs-Dep and AuTS gold substrates according to published procedures.60
We prepared AuAs-Dep films by evaporating 2 nm of titanium as an adhesion promoter
onto a 75 mm diameter silicon (100) wafer followed by 50 nm of gold using an electron
beam evaporator. We prepared template-stripped gold films by first evaporating 500 nm
of gold onto a 75 mm diameter silicon (100) wafer. We then placed a small drop (~ 5 l)
of optical adhesive NOA 83H onto the gold surface followed by a 1 cm x 1 cm glass
substrate. We cured the adhesive using a 100 W UV lamp and stripped the glass substrate
away from the silicon wafer using a scalpel immediately prior to SAM formation.
AuAs-Dep films produced by electron beam evaporation have a rough (RMS roughness
~30 – 80 Å) surface comprised of small grains separated by deep grain boundaries.59-62
Our CMP process is designed to polish these grains down to the base of the grain
boundaries to reduce the number of atomic steps and, consequently, the surface
roughness. We chose gentle CMP processing conditions, with minimal substrate
downforce and low etchant concentration, for two reasons. First, gold is extremely soft
and prone to scratching; scratches in the gold surface will cause defects in any adsorbed
SAMs and reduce working junction yields. Minimizing substrate downforce reduces the
pressure exerted on the gold surface by the abrasive silica particles and prevents
scratches. Second, polishing to the base of the AuAs-Dep grain boundaries only requires the
removal of ~5 nm of metal; low etchant concentrations and minimal downforce permit a
low material removal rate. A low material removal rate allows for fine control over the
final thickness of the polished gold film; higher rates would make it difficult to remove
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the required amount of gold without polishing through the film down to the underlying
substrate.
The aqueous CMP slurry used in this study comprises three components: an abrasive, a
chemical etchant, and an organic acid. The abrasive consists of 5 wt.% hydrophilic fumed
silica with a mean primary particle size of 12 nm. We chose a small particle size to avoid
surface defects and scratching which are often associated with large particles.69 Although
these particles have a primary size of 12 nm, they are prone to forming aggregates in
solution that can be as large as several hundred nanometers.77 To reduce the number of
aggregates in solution, we sonicated the aqueous slurry for a minimum of 1 hour prior to
polishing; this has previously been shown to reduce the average aggregate size to ~25
nm.77,78. We used a common gold etchant, triiodide, to oxidize the outermost layer of the
gold film during the CMP process. A mixture of potassium iodide and iodine in aqueous
solution produces triiodide, which reacts with gold to produce a surface comprised of
gold (I) iodide (AuI).79 We chose triiodide as the chemical etchant for this CMP process
because it allows for fine control over the etch rate by simply changing the concentration
of the constituents. Standard triiodide etchants (1.5 M I2 / 2.5 M KI) can have static
material removal rates as high as several hundred nanometers per minute.79 We reduced
the concentration of the triiodide etchant (0.5 mM I2 / 3.5 mM KI) to achieve removal
rates compatible with thin (50 nm) AuAs-Dep films. We added a citric acid/trisodium
citrate buffer (50 mM, pH = 3) to our slurry for two reasons. First, the oxidation potential
of metals is sensitive to the environmental pH; buffering the solution provided a stable
pH throughout the dynamic CMP process.69 Second, citric acid can stabilize gold ions at
the surface of the film during polishing, improving solubility and preventing redeposition.69
During the CMP process, a polishing jig held the AuAs-Dep wafer in contact with a
grooved polyurethane polishing pad that had been soaked with slurry. We chose a
minimal (< 1 psi) downforce on the wafer to keep removal rates low as well as prevent a
high density of nanoscratches. We polished AuAs-Dep wafers for 4 minutes with a platen
rotational speed of 25 rpm, a linear jig sweep speed of 5 mm/s, and a slurry drip rate of 2
– 3 drops per second to produce ultra smooth gold films. After polishing, we immediately
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cleaned the polished gold wafers to remove residual slurry using a post-CMP cleaning
process (see experimental for details).
SEM (Figure 7.1e) and AFM (Figure 7.1b) images clearly depict a AuCMP surface that
is ultra smooth (RMS roughness = 3.4 Å) and comprised of small grains that have been
polished flat. A line scan taken from the AFM image (Figure 7.1d) shows that while the
grains that comprise the film are flat, shallow (~1 nm) pits are visible at the grain
intersection points. A line scan taken from the AuAs-Dep AFM image (Figure 7.1a,c)
shows the presence of a similar density of pits that are ~ 5 – 6 nm deep prior to polishing,
suggesting that the CMP process has removed ~5 nm of material. The presence of these
pits may be unavoidable due to the growth kinetics of the gold film during evaporation
that leads to incomplete coalescence of the individual grains.
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Figure 7.1. a-b) AFM topographic images of an AuAs-Dep and AuCMP gold film with
corresponding line scan profiles shown below (c-d). e) SEM image of a AuCMP film. The
z-scale for the AFM images is 20 nm.
Three dimensional AFM micrographs and corresponding profile measurements reveal
the differences between AuCMP (Figure 7.2a), and AuTS (Figure 7.2b) substrates. AuCMP
and AuTS substrates are both ultra smooth, having RMS surface roughness values of 3.4
Å and 4.4 Å, respectively; however, the grain structure comprising the two films are
markedly different. AuCMP films are comprised of small (20 – 50 nm) grains that have
been polished flat by the CMP process, and contain shallow (~1 nm) pits at the grain
intersection points. In contrast, AuTS films are comprised of large (200 – 500 nm), flat
grains that have been templated against a smooth silicon wafer; the size and shape of
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these grains are also more heterogeneous than those that comprise AuCMP films. AuTS
gold films also exhibit ~1 nm deep grain intersection points; however, these points are
found in decreased density compared to AuCMP films owing to the larger grain size of the
former substrate.
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Figure 7.2. Three dimensional 1 m x 1 m AFM images (a – b) and corresponding
height profile measurements (c – d) of AuCMP and AuTS films, respectively. The z-scale in
the AFM images is 20 nm.

7.3.2. Uniformity of AuCMP Substrates
The CMP process produces gold films with uniform surface roughness across an entire
75 mm diameter silicon wafer, and the process is reproducible when polishing several
different wafers. Uniformity is important for any CMP process, particularly for electrical
characterization of SAMs where even slight variations in substrate morphology can have
profound implications for the measured current densities. To assess uniformity, we
measured the RMS surface roughness of 60 randomly sampled 1 m x 1 m areas from
four different geometric locations (~ 15 mm, 30 mm, 45 mm, and 60 mm from the wafer
flat) that have been cut from a total of five AuCMP wafers. The results of the uniformity
study, summarized in Table 7.1 and Figure 7.3, show that the AuCMP substrates have an
average RMS surface roughness value of 3.80 +/- 0.45 Å. A histogram representing all 60
RMS roughness values (Figure 7.3) shows a Gaussian-type distribution with all values
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falling between 2.8 Å and 5.2 Å. The overall non-uniformity of the process, a measure of
the standard deviation of all 60 surface roughness values expressed as a percentage, was
12%. Within-wafer non-uniformity, a measure of the deviation of surface roughness
within each of the five 75 mm diameter silicon wafers (12 scans each), was less than 15%
in all cases. Wafer-to-wafer non-uniformity, calculated by averaging the 5 mean surface
roughness values of the individual wafers and expressing the deviation as a percentage,
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Figure 7.3. Histogram detailing the RMS surface roughness values of AuCMP substrates
collected from 60 1 m x 1 m AFM images.
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Table 7.1. Summary of the AuCMP surface roughness uniformity study
Wafer

RRMS
(Å)

RRMS

Non-Uniformity

(Å)

(+/- %)

Wafer-to-Wafer
Non-Uniformity
(+/- %)

1

4.10

0.33

8

-

2

3.98

0.61

15

-

3

3.84

0.34

9

-

4

3.50

0.36

10

-

5

3.58

0.24

7

-

All 60 Scans

3.80

0.45

12

17

7.3.3. Composition of the AuCMP surface
It is important that the AuCMP surface is free of defects including not only surface
roughness and scratches, but also contamination that can interfere with SAM formation.
X-Ray photoelectron spectroscopy (XPS) survey scan analysis of a AuCMP film (Figure
7.4) shows elements consistent with a gold surface, as well as an overlayer of adsorbed
adventitious organics (carbon, oxygen, sulfur). Adsorption of organic molecules found in
ambient laboratory conditions is unavoidable due to the high surface free energy of gold.
XPS analysis also reveals the presence 0.4 at.% iodine, which we attribute to residual AuI
formed at the gold surface during the CMP process; post-CMP water/methanol rinsing
should have removed any unbound iodine or potassium iodide from the surface (KI is
known to be soluble in water and I2 is known to be soluble in simple alcohols). We
attempted to calculate the thickness of the AuI layer using a thickogram calculation. 76
The thickogram calculation is a graphical method for measuring overlayer thicknesses
where the overlayer has a different elemental chemistry than the substrate. Thickogram
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calculations (Figure 7.5, details in the supporting information) estimate the thickness of
the AuI overlayer to be < 0.1 Å, suggesting surface coverage far less than that of a
monolayer (The bond length of AuI is ~ 2.5 Å80). n-Alkanethiolates are known to
displace unwanted contaminants at the gold surface due to the high affinity of the sulfur
atom for gold. We formed a 1-hexadecanethiolate SAM on the surface of a AuCMP
substrate to determine if displacement of both the adventitious organic layer as well as
the AuI overlayer would occur. XPS survey scan analysis (Figure 7.6) shows elements
consistent with the formation of an n-alkanethiolate SAM on a gold surface (gold, sulfur,
carbon). After SAM formation, the amount of carbon present in the spectrum increased
from 38.6 at.% to 67.1 at.% and the amount of gold decreased from 51.8 at.% to 30.2
at.%, consistent with attenuation of the gold signal due to the presence of the monolayer.
The amount of sulfur present in the spectrum decreased from 2.7 at.% to 1.8 at.% after
SAM formation, suggesting that either the unintended contamination present prior to
SAM formation had sulfur containing species in greater than monolayer coverage, or that
the sulfur signal in the SAM is attenuated by the hexadecyl chains. The presence of the O
1s line in the survey scan suggests that the SAM did not entirely prevent the adsorption of
adventitious oxygen-containing organics; however, the amount of oxygen present in the
spectrum is far lower (0.6 at.%) than the amount present prior to SAM formation (6.5
at.%). The survey scan shows the presence of identical amounts (0.4 at. %) of iodine in
the SAM-bearing AuCMP film as the neat AuCMP film, with an identical thickogram
thickness estimation of 0.1 Å. The lack of iodine displacement after SAM formation is
consistent with a chemisorbed iodine species at the surface of the polished gold film,
likely in the form of AuI. Although the AuI layer could be removed either
electrochemically,81 or by employing a two-stage polish in which the second step
contains no etchant,69 we speculate that AuI on the polished gold surface is present in
trace amounts and does not disrupt formation of n-alkanethiolate SAMs.
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Figure 7.4. XPS survey scan of a AuCMP substrate.
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Figure 7.5. Graphical representation of the thickogram calculation used to determine the
thickess of the AuI overlayer on a AuCMP substrate. Details of the thickogram calculation
are available in the supporting information.
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Figure 7.6. XPS survey scan of a AuCMP substrate after the formation of a 1hexadecanethiolate SAM.
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7.3.4. Binding of (C16)2DTPA SAMs on Polished Gold Substrates
We have previously reported a class of SAMs on gold in which the binding of the
adsorbate head group is extremely sensitive to changes in substrate morphology.82
Dihexadecyldithiophosphinic acid ((C16)2DTPA) SAMs on AuAs-Dep have a binding motif
in which 60% of the adsorbate molecules are chelated to the surface, while 40% of the
molecules are monodentate. On AuTS however, 100% of the adosorbate molecules are
chelated. The atomic steps present in the AuAs-Dep surface disrupt chelation of the
adsorbate head group at the grain boundaries; the reduced density and depth of atomic
steps in the AuTS surface permits chelation. We formed (C16)2DTPA SAMs on AuCMP
substrates to determine if the grain boundaries, and consequently the density of atomic
steps, have been polished down to a level that is competitive with AuTS. High resolution
XPS analysis of the S 2p region of a (C16)2DTPA SAM formed on a AuCMP substrate
(Figure 7.7) shows a simple line shape that we fit using a pair of spin orbit-split
components (S 2p3/2 and S 2p1/2) assuming a Gaussian/Lorentzian (70%:30%) line shape
and a fixed splitting energy at 1.18 eV. Based on previous studies,83,84 we assign the S
2p3/2 peak at 161.9 eV to a sulfur atom that is bound to the gold surface. The lack of a S
2p3/2 peak appearing at binding energies > 163 eV confirms that there are no unbound
sulfur atoms, and the lack of a peak at binding energies > 168 eV confirms that there are
no oxidized sulfur atoms. The presence of a single, bound sulfur atom confirms that all
(C16)2DTPA adsorbate molecules in the SAM are chelated to the AuCMP surface.
Chelation of the (C16)2DTPA adsorbate molecules indicates that the number of atomic
steps in the AuCMP surface has been reduced to a level that is indeed competitive with
AuTS.
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Figure 7.7. HR-XPS spectrum of the S 2p region of a (C16)2DTPA SAM formed on a
AuCMP substrate.

7.3.5. Electrical Characterization of n-Alkanethiolate SAMs on
AuTS and AuCMP Substrates
7.3.5.1. Forming Au-SAM//Ga2O3/EGaIn junctions
We formed n-alkanehiolate SAMs on gold substrates by immersing them into degassed
1 mM ethanolic solutions for 12 hours (AuCMP) or degassed 3 mM ethanolic solutions for
3 hours (AuTS). It is well known that the properties (wettability, coverage, and alkyl
chain organization) of n-alkanethiolate SAMs on gold do not change beyond 12-18 hours
of immersion into 1 mM solutions.12 The reduced immersion time and increased thiol
concentration for AuTS compared to AuCMP was chosen to minimize the time spent in
solution by the optical adhesive, and is in line with procedures performed by others in the
field.44
We formed Au-SAM//Ga2O3/EGaIn junctions according to previously published
procedures.54 We brought a conical EGaIn tip into contact with the top surface of the
SAM-bearing substrate and measured the contact area, assumed to be circular, using a
high magnification camera. We measured 315 – 483 J(V) traces for every nalkanethiolate SAM formed on AuCMP substrates, and 260 – 265 J(V) traces for every nalkanethiolate SAM formed on AuTS substrates. We sampled these J(V) traces from a
minimum of 13 junctions chosen from random areas of the SAM-bearing AuCMP and
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AuTS gold surfaces. We measured a maximum of 5 junctions before fabricating a new
EGaIn tip. We collected a maximum of 21 J(V) traces for each junction using a source
meter, with each trace being defined as a voltage bias sweep from 0 V  -0.5 V  +0.5
V  0 V. We converted the currents measured by the source meter to current densities
using the contact area measured for each individual junction. We define a failed junction
or ‘short’ as a current measurement that reaches the compliance of the source meter (105
mA) due to penetration of the EGaIn tip through the SAM to the underlying gold
substrate. We define the non-shorting yield as the percentage of working junctions after
formation of the first junction capable of producing 21 J(V) traces without a short.
Current density measurements of n-alkanethiolate SAMs are known to be log-normally
distributed; we performed all statistical analysis using log J rather than J, as is common
amongst researchers in this field. As a convention, we report all measurements of log J at
a bias of -0.5 V to provide comparison to previously published literature; however, we
note that all measured biases for a given n-alkanethiolate SAM were log-normally
distributed, fit with a unimodal Gaussian distribution, and had similar standard deviation
(log). Charge transport data for n-alkanethiolate SAMs formed on AuCMP and AuTS
substrates are summarized in Table 7.2 and Table 7.3, respectively. Average J(V) traces,
beta plots, and histograms of charge transport measurements for n-alkanethiolate SAMs
on AuCMP and AuTS substrates are shown in Figure 7.8 and Figure 7.9, respectively.
7.3.5.2. Non-shorting yields of n-alkanethiolate SAMs are higher on AuCMP substrates
than on AuTS substrates
Table 7.2 and Table 7.3 show non-shorting yields that are higher for n-alkanethiolate
SAMs formed on AuCMP substrates (90 – 100%) compared to AuTS substrates (72 – 95%).
A student’s t-test performed on the two data sets confirms that the difference in yield
between the two systems is statistically significant (> 99% confidence, p value = 0.0002).
We speculate that this difference in yield is due to the fact that AuTS substrates have a
layer of optical adhesive which can leach contaminants into the solution during SAM
formation; AuCMP substrates are adhesive-free. The optical adhesives commonly used for
AuTS substrate fabrication are known to contain thiols which may act as competitive
adsorbates during SAM formation, leading to defects in the layer.68 Defects in the SAM
can lead to pathways for electrical shorts by allowing the EGaIn tip to directly contact the
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underlying metal surface. We note that previous studies have shown high non-shorting
yields (> 90%) for n-alkanethiolate SAMs formed on AgTS substrates;44 however, we
suspect the junction yield of SAMs formed on gold are more sensitive to contamination
due to a well known decrease in molecular packing density.78,85 The higher molecular
packing density of n-alkanethiolates on silver compared to gold prevent competitive
adsorbates from disrupting the SAM. It is also possible the longer immersion times used
for forming SAMs on AuCMP compared to AuTS are responsible for the increased yield.
The short immersion time for SAMs formed on AuTS is explicitly chosen to minimize the
exposure of the solution to the optical adhesive; increasing immersion times may
introduce more defects in the SAM. We believe both factors – the lack of optical
adhesive, and the resulting freedom to increase immersion times – contribute to fewer
defects in SAMs formed on AuCMP substrates compared to AuTS substrates.
7.3.5.3. Tunneling is the primary charge transport mechanism for n-alkanethiolate SAMs
formed on AuCMP and AuTS substrates
Average J(V) traces of n-alkanethiolate SAMs formed on both AuCMP and AuTS
substrates (Figure 7.8a and Figure 7.9a) show a sigmoidal line shape (half sigmoidal line
shape for absolute J(V) traces), consistent with a coherent non-resonant tunneling charge
transport mechanism. Within the series of n-alkanethiolate SAMs on AuCMP and AuTS
(Figure 7.8b and 7.9b), log J decreases exponentially as the tunneling distance –
determined by the number of carbons in the methylene chain – is increased, consistent
with the simplified Simmons equation. We note the appearance of the ‘odd-even’ effect –
previously reported for a series of n-alkanethiolate SAMs formed on AgTS – in which the
values of log J for n-alkanethiols with an even number of carbons can be treated as a
statistically independent series from those with an odd number of carbons.44 To illustrate
the odd-even effect, we have labeled the data series (Figure 7.8b and Figure 7.9b)
corresponding to n-alkanethiol SAMs with an even number of carbons red, and those
with an odd number of carbons black. Though we highlight the presence of the ‘oddeven’ effect, we do not observe a statistically significant difference between the two data
sets in this study; values of  and J0 for the series of n-alkanethiolate SAMs formed on
AuCMP and AuTS were calculated by treating all chain lengths as a single dataset.
Histograms plotting the distribution of log J (Figure 7.8c and Figure 7.9c) show a normal
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distribution that can be fit with a unimodal Gaussian curve, with nearly all of the
measured values falling within the fit. The normal distribution of log J has previously
been attributed to a variety of defects in the SAM (thin area and thick area) that lead to a
normally distributed variation in the SAM thickness, and consequently, the tunneling
barrier thickness. A normally distributed tunneling thickness will cause log-normally
distributed values of J based on the Simmons equation.56 We extracted the mean and
standard deviation of log J (log and log) from the Gaussian fits according to published
procedures detailing best practices for handling this type of data.46
7.3.5.4.log, log, , and log J0 for n-alkanethiolate SAMs formed on AuCMP substrates
and AuTS substrates are statistically indistinguishable.
Table 7.2 and Table 7.3 express log and log for n-alkanethiolate SAMs formed on
AuCMP and AuTS substrates, respectively. For all chain lengths studied (C9SH – C16SH),
log for SAMs formed on AuCMP substrates were within +/- 1 log of SAMs formed on
AuTS substrates, making the values statistically indistinguishable. The range of log, a
measure of the magnitude of the variance in the data, was nearly identical for SAMs
formed on AuCMP substrates (0.13 – 0.53) compared to SAMs formed on AuTS substrates
(0.21 – 0.59), suggesting that both substrates have a similar density of normally
distributed defects in the SAM, and consequently, the tunneling barrier thickness. Not
surprisingly, beta plots for SAMs formed on AuCMP and AuTS substrates (Figure 7.8b and
Figure 7.9b) show values of  and log J0 that are also statistically indistinguishable. 
values calculated for n-alkanethiolate SAMs formed on AuCMP and AuTS substrates were
1.08 +/- 0.18 C-1 and 0.99 +/- 0.08 C-1, respectively, and are in good agreement with the
widely accepted value of ~ 1.0 C-1 for SAMs containing trans-extended methylene
chains.58 Log J0 values calculated for n-alkanethiolate SAMs formed on AuCMP and AuTS
substrates were 1.55 +/- 0.65 and 1.05 +/- 0.45, respectively. These values of log J0 are
approximately one log unit lower than what was previously reported for a series of nalkanethiolate SAMs on AgTS measured using the EGaIn top contact, which can be
attributed to either the increased number of molecules per unit area in SAMs on silver
compared to gold,78,85,86 or the different hybridization of the bound sulfur atom on silver
compared to gold (sp vs sp3).87 Electrical characterization suggests that n-alkanethiolate
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SAMs formed on AuCMP and AuTS substrates are structurally indistinguishable. The only
clear difference between SAMs formed on these two substrates is an increase in the
number of large defects for AuTS that can cause catastrophic disorder in the layer,
resulting in electrical short circuits.
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Table 7.2. Summary of charge transport measurements of n-alkanethiolate SAMs formed
on AuCMP substrates.
n

log

log

# of Junctions

Scans

Shorts

Yield (%)

9

-2.46

0.37

20

378

2

90

10

-3.51

0.53

24

483

1

96

11

-3.26

0.23

16

315

1

94

12

-4.38

0.37

16

315

1

94

13

-4.43

0.45

16

315

1

94

14

-5.26

0.27

16

315

1

94

15

-5.08

0.32

16

315

1

94

16

-6.10

0.13

15

315

0

100
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Figure 7.8. Average traces (a), beta plot (b) and histograms with unimodal Gaussian fit
(c) of log J for n-alkanethiolate SAMs formed on AuCMP substrates. Beta plot and
histograms are shown for a bias of -0.5 V. Trendlines in the beta plot for n-alkanethiolate
SAMs with even (red) and odd (black) number of carbons have been separated to
illustrate the odd-even effect. Beta and log J0 values are calculated by treating all chain
lengths as a single series. The y-axis of the Gaussian distributions corresponds to the
number of counts for a given statistical bin.
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Table 7.3. Summary of charge transport measurements of n-alkanethiolate SAMs formed
on AuTS substrates.
n

log

log

# of Junctions

Sca

Shorts

Yield (%)

ns
9

-2.76

0.35

18
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5

72

10
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Figure 7.9. Average traces (a), beta plot (b) and histograms with unimodal Gaussian fit
(c) of log J for n-alkanethiolate SAMs formed on AuTS substrates. Beta plot and
histograms are shown for a bias of -0.5 V. Trendlines in the beta plot for n-alkanethiolate
SAMs with even (red) and odd (black) number of carbons have been separated to
illustrate the odd-even effect. Beta and log J0 values are calculated by treating all chain
lengths as a single series. The y-axis of the Gaussian distributions corresponds to the
number of counts for a given statistical bin.
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7.3.6. Solvent Compatibility of AuCMP and AuTS Substrates
An important characteristic of AuCMP substrates is that they are free from adhesive,
making them compatible with most any common laboratory solvent; AuTS substrates are
only compatible with those solvents that do not swell or dissolve the underlying adhesive
film. We immersed both AuCMP and AuTS substrates into various common laboratory
solvents (ethanol, toluene, chloroform, dichloromethane) for 24 hours to assess their
compatibility. Optical micrographs of the AuCMP substrates (Figure 7.10a) show no
damage to the gold surface after 24 hours of immersion in any of the solvents that were
tested. In contrast, the surface of AuTS substrates (Figure 7.10b) were damaged by all of
the chosen solvents, including the two most common solvents used to form SAMs –
ethanol and toluene. AuTS substrates were completely incompatible with chlorinated
solvents, as evidenced by complete delamination of the gold film after only 1 hour in
dichloromethane, or 3 hours in chloroform. Although ethanol and toluene did not
delaminate the gold films, evidence of blister formation due to swelling of the underlying
adhesive is present after 24 hours. We note that nanoscale changes to the gold surface
morphology may occur sooner than the aforementioned immersion times required to
cause blistering/delamination of the film, however a more in-depth AFM study is
required to probe these effects in detail.
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Figure 7.10. Optical micrographs of AuCMP (a) and AuTS (b) substrates after immersion
in ethanol, toluene, chloroform, and dichloromethane for various time intervals.
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The incompatibility of AuTS substrates with common laboratory solvents limits their
use as bottom electrodes in SAM-based molecular junctions; immersion times must be
kept short to minimize blistering of the gold surface (which can in turn cause defects in
the SAM), and molecules that may only be soluble in chlorinated solvents cannot be
studied. The future of molecular electronics does not likely lie in the study of simple nalkanethiolate SAMs, but rather more interesting adsorbate molecules that may require
the use of stronger solvents. In this regard, AuCMP substrates are far superior to AuTS
substrates as bottom electrodes for SAM-based molecular junctions.

7.4. Conclusions
Using CMP, we have produced AuCMP substrates that retain all the beneficial
characteristics of AuTS substrates while eliminating the shortcomings. Throughout this
study, we have shown AuCMP substrates to be i) ultrasmooth – with an average RMS
surface roughness value of 3.8 Å, ii) uniform – having within-wafer and wafer-to-wafer
non-uniformities of 10% and 17%, respectively, iii) adhesive free – making these
substrates compatible with common organic solvents, iv) suitable for the study of SAMs
that are sensitive to the morphology of the substrate, such as (C16)2DTPA, v) ideal as
substrates for measuring the electrical properties of SAMs – all parameters that describe
the charge transport process of Au-SAM//Ga2O3/EGaIn Junctions (log, log, , log J0) are
statistically indistinguishable for n-alkanethiolate SAMs formed on AuCMP substrates
compared to SAMs formed on AuTS substrates. The working junction yield was
significantly higher for SAMs formed on AuCMP substrates compared to AuTS substrates,
which we attribute to the elimination of optical adhesive in the former substrate.
We note that our CMP process left trace amounts of iodine at the surface, which we
believe to be in the form of AuI. Though this trace contaminant is undesirable,
thickogram calculations suggest a very low surface coverage, consistent with the fact that
AuCMP substrates performed as well, or better, than AuTS substrates as bottom electrodes
in Au-SAM//Ga2O3/EGaIn junctions.
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We believe CMP to be an extremely versatile technique for controlling the surface
morphology of thin films, particularly for reducing roughness to provide ultra smooth
substrates for SAM formation. The number of process variables (downforce, abrasive,
etchant, complexing agent, pH, etc.) allows the process to be extended to a variety of
materials including metals, oxides, and dielectrics. CMP is also a much more practical
technology than template-stripping; it is fast, produces less wasted material, is easily
scalable, and is already integrated within the semiconductor manufacturing industry. We
are currently exploring the use of CMP to produce ultra smooth films of different metals
which can also serve as bottom electrodes within SAM-based molecular junctions.
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7.6. Supporting Information
7.6.1. Thickogram Calculation
Thickogram calculations were performed by Dr. Mark Biesinger (Surface Science
Western, London, ON). The AuI band gap was estimated to be 0.5 – 1 eV, and the
inelastic mean free path was used as an estimate for the attenuation length.
Thickness (nm) = C··cos
AuCMP

AuCMP – C16SH

I0 – Intensity of AuI peak

3369.8

3479.1

Is – Intensity of Au peak

416528.6

281447

S0 – RSF of AuI peak

6.205

6.205

Ss – RSF of Au peak

6.25

6.25

E0 – K.E. of AuI peak

868.5

868.5

Es – K.E. of Au peak

1403.3

1403.3

Theta

60

60

Cos Theta

0.5

0.5

 (attenuation length of photoelectronics from AuI) (nm)

1.7

1.7

I0/S0 / Is/Ss (A)

0.01

0.01

E0 / Es (B)

0.62

0.62

Measured from thickogram (C)

0.01

0.01

< 0.01

< 0.01

AuI thickness (nm)
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7.6.2. Synthesis of 1-tridecanethiol
We added 50 mL of anhydrous ethanol to a 250 mL round bottom flask containing 1bromotridecane (1.0 g, 3.6 mmoles), followed by thiourea (0.36 g, 4.7 mmoles) dissolved
in 50 mL of anhydrous ethanol. The mixture was heated to reflux and stirred for 12 hours.
We removed the solvent in vacuo to give a residual oil. We added NaOH (0.5 g, 12.5
mmoles) in 50 mL of deionized water and heated the mixture to reflux for 1 hour. We
cooled the reaction to room temperature and extracted three times with 30 mL of diethyl
ether. We dried the ethereal extracts over Na2SO4 and removed the solvent in vacuo. The
compound was purified by passing through a silica gel column, eluting with 100% nhexanes. After purification, the product was stored in a refrigerator at < 5°C. The 1H
NMR data (Figure S7.5) matched literature values. 1H NMR (CDCl3):  0.8698 (t, 3H, J
= 7.0 Hz), 1.2466 (m, 20H), 1.5972 (m, 2H), 2.5240 (q, 2H, J = 7.2 Hz).
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7.6.3. 1H NMR spectra of Purified n-alkanethiols
Figures S7.1 – S7.8 show

1

H NMR spectra of 1-nonanethiol, 1-decanethiol, 1-

undecanethiol, 1-dodecanethiol, 1-tridecanethiol, 1-tetradecanethiol, 1-pentadecanethiol,
and 1-hexadecanethiol after purification using silica gel column chromatography, eluting
with 100% n-hexanes. We assign and label 1H NMR peaks as follows:
a :  = ~2.5 ppm, quartet, 2 H, J = ~ 7.2 Hz.
b :  = ~1.6 ppm, multiplet, 2H.
c :  = ~1.3 ppm, multiplet, 2n – 6 H.
d :  = ~0.9 ppm, triplet, 3H, J = ~ 7.0 Hz.
e :  = ~1.5 ppm, H2O
e :  = 7.27 ppm, CDCl3
a

b

c

d

HS – (CH2) – (CH2) – (CH2)n-3 – CH3
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2.5468
2.5218
2.4979
2.4729
1.6202
1.5957
1.5714
1.5452
1.5311
1.3431
1.3172
1.2915
1.2564
0.8898
0.8753
0.8680
0.8448

1-nonanethiol (purified)

c

d
f

NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

C9SH
4
1
20111130
14.36
spect
5 mm PABBO BBzg30
16384
CDCl3
8
2
4789.272
0.292314
1.7105396
574.7
104.400
6.00
295.5
1.00000000
1

Hz
Hz
sec
usec
usec
K
sec

======== CHANNEL f1 ========
NUC1
1H
P1
11.90 usec
PL1
0.00 dB
SFO1
300.1315007 MHz
SI
16384
SF
300.1300187 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

a
e
b

5.5

5.0

4.5

4.0

3.5

3.0

2.5

Figure S7.1.

1

2.0

1.5

1.0

ppm

3.0000

6.0

2.2644

6.5

13.0459

7.0

1.9579

7.5

H NMR spectrum of 1-nonanethiol after purification by column

chromatography.
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2.5585
2.5338
2.5097
2.4847
1.6323
1.6076
1.5828
1.5454
1.3280
1.3022
1.2642
0.9018
0.8801
0.8571

7.2606

1-decanethiol (purified)
C10SH
Fraction 3
October 10, 2011

Current Data Parameters
NAME
C10SH
EXPNO
2
PROCNO
1
F2 - Acquisition Parameters
Date_
20111011
Time
13.28
INSTRUM
spect
PROBHD
5 mm BBO BB-1H
PULPROG
zg30
TD
65536
SOLVENT
CDCl3
NS
8
DS
2
SWH
6172.839 Hz
FIDRES
0.094190 Hz
AQ
5.3084660 sec
RG
406.4
DW
81.000 usec
DE
6.00 usec
TE
300.0 K
D1
2.00000000 sec
TD0
1

c

======== CHANNEL f1 ========
NUC1
1H
P1
10.70 usec
PL1
0.00 dB
SFO1
300.2318540 MHz

d
f

F2 - Processing parameters
SI
32768
SF
300.2300113 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

e
a
b

5.5

5.0

4.5

4.0

3.5

3.0

2.5

Figure S7.2.

1

2.0

1.5

1.0

ppm

3.0000

6.0

2.4823

6.5

14.7260

7.0

1.9430

7.5

H NMR spectrum of 1-decanethiol after purification by column

chromatography.

257

Ultra Smooth Gold Substrates Prepared by Chemical Mechanical Polishing: A New
Substrate for Measuring Charge Transport in Metal-SAM//Ga2O3/EGaIn Junctions

2.5670
2.5419
2.5181
2.4932
1.6412
1.6165
1.5921
1.5663
1.3629
1.3373
1.3114
1.2713
0.9110
0.9064
0.8973
0.8896
0.8665

1-undecanethiol (purified)
1D 1H 300US
Strychnine in CDCL3

c

a

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

Hz
Hz
sec
usec
usec
K
sec

1.0

ppm

3.0000

6.0

2.1071

6.5

e

17.0763

7.0

1.9850

7.5

b

C11SH
1
1
20111129
14.31
spect
5 mm PABBO BBzg30
16384
CDCl3
8
2
4789.272
0.292314
1.7105396
114
104.400
6.00
295.0
1.00000000
1

======== CHANNEL f1 ========
NUC1
1H
P1
11.90 usec
PL1
0.00 dB
SFO1
300.1315007 MHz
SI
16384
SF
300.1300114 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

d

f

NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

Figure S7.3. 1H NMR spectrum of 1-undecanethiol after purification by column
chromatography.
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2.5684

1-dodecanethiol
Feb
25 2012 (purified)
October
C12SH in 10,
CDCl32012
250 drops waste 100 drops collected
C13SH
in CDCl3
1H
1H
300US
Bruker 300 Ultrashield

2.5468
2.5444
2.5491
2.5218
2.5195
2.5240
2.4979
2.5001
1.6882
2.4729
2.4752
1.6660
1.6202
1.6436
1.6416
1.5957
1.6219
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1.5714
1.5972
1.5918
1.5452
1.5722
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1.5311
1.5471
1.3431
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1.2466
1.3172
1.3643
0.8911
1.2915
1.3383
0.8698
1.2564
1.2938
0.8466
0.8898
0.9356
0.8753
0.9145
0.8680
0.8916
0.8448
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NAME
2013_1_25_C12SH
NAME
C9SH
NAME
12_10_10
EXPNO
EXPNO
EXPNO
1 41
PROCNO
PROCNO
PROCNO
1 11
Date_
20130215
Date_
20111130
Date_
20121010
Time
14.36
Time
15.31
Time
14.43
INSTRUM
spect
INSTRUM
spect
INSTRUM
spect
PROBHD 555mm
mmPABBO
PABBOBBBBPROBHD
mm
PABBO
BBPROBHD
PULPROG
zg30
PULPROG
zg30
PULPROG
zg30
16384
TDTD
32768
TD
16384
SOLVENT
CDCl3
SOLVENT
CDCl3
SOLVENT
CDCl3
NSNS
NS
8 88
DSDS
DS
2 22
SWH
4789.272HzHz
SWH
4496.403
Hz
SWH
4789.272
FIDRES
0.292314HzHz
FIDRES
0.137219
Hz
FIDRES
0.292314
AQ
1.7105396
sec
AQ
3.6438515
sec
AQ
1.7105396
sec
574.7
RG
181
RGRG
114
104.400usec
usec
DW
104.400
DWDW
111.200
usec
DE
6.00
usec
DE
6.00
usec
DE
6.00
usec
295.5
TE
290.5
K KK
TETE
294.9
1.00000000sec
sec
D1
1.00000000
D1D1
1.00000000
sec
TD0
1
TD0
1 1
TD0

c

========CHANNEL
CHANNELf1f1========
========
========
CHANNEL
f1 ========
========
NUC1
NUC1
1H1H
NUC1
1H usec
P1
11.90
P1
11.90
usec
P1PL1
11.90
usec
0.00dBdB
PL1
0.00
PL1
0.00 MHz
dB
SFO1
300.1315007
SFO1
300.1315007
MHzMHz
SFO1
300.1322510
SI
16384
SI
16384
SISF
32768
300.1300187MHz
MHz
SF
300.1300169
SFWDW
300.1300049
MHz
WDW
EMEM
WDW
EM
SSB
SSB
0 00
SSB
LB
0.30
Hz
LB
0.30
Hz Hz
LBGB
0.30
GB
0 0
GBPC
1.000
PC
1.00
PC
1.00

d
a

f

b e

ppm
ppm

3.0000
3.000
3.0000

2.4480
1.9313
2.2644

21.1826
90.9376
18.033
13.0459

1.9579

7.2540
1.9280
1.9220

1.8084

7.5 7.0
7.0 6.5
6.5 6.0
6.0 5.5
5.5 5.0
5.0 4.5
4.5 4.0
4.0 3.5
3.5 3.0
3.0 2.5
2.5 2.0
2.0 1.5
1.5 1.0
1.0
7.5
3.0
2.5
2.0
1.5
1.0

Figure S7.4. 1H NMR spectrum of 1-dodecanethiol after purification by column
chromatography.
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2.5491
2.5240
2.5001
2.4752
1.6436
1.6219
1.5972
1.5722
1.5471
1.2466
0.8911
0.8698
0.8466

1-tridecanethiol (purified)
October 10, 2012
C13SH in CDCl3
1H
Bruker 300 Ultrashield

NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

c

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

ppm

3.0000

5.5

21.1826

6.0

2.4480

6.5

1.9280

7.0

usec
usec
K
sec

b

f

7.5

Hz
Hz
sec

======== CHANNEL f1 ========
NUC1
1H
P1
11.90 usec
PL1
0.00 dB
SFO1
300.1315007 MHz
SI
16384
SF
300.1300169 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

d

e

a

12_10_10
1
1
20121010
14.43
spect
5 mm PABBO BBzg30
16384
CDCl3
8
2
4789.272
0.292314
1.7105396
181
104.400
6.00
290.5
1.00000000
1

Figure S7.5. 1H NMR spectrum of 1-tridecanethiol after purification by column
chromatography.
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2.5542
2.5292
2.5053
2.4803
1.6520
1.6298
1.6052
1.5830
1.5552
1.2563
0.9003
0.8788
0.8557

1-tetradecanethiol
September
26,(purified)
2012
C14SH in CDCl3
31P
Bruker 300 Ultrashield

NAME
EXPNO
PROCNO
Date_
Time
INSTRUM
PROBHD
PULPROG
TD
SOLVENT
NS
DS
SWH
FIDRES
AQ
RG
DW
DE
TE
D1
TD0

c

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

ppm

3.0000

5.5

2.2627

6.0

23.3623

6.5

1.9822

7.0

usec
usec
K
sec

b e

f

7.5

Hz
Hz
sec

======== CHANNEL f1 ========
NUC1
1H
P1
11.90 usec
PL1
0.00 dB
SFO1
300.1315007 MHz
SI
16384
SF
300.1300136 MHz
WDW
EM
SSB
0
LB
0.30 Hz
GB
0
PC
1.00

d

a

12_25_09
3
1
20120926
16.24
spect
5 mm PABBO BBzg30
16384
CDCl3
8
2
4789.272
0.292314
1.7105396
71.8
104.400
6.00
293.8
1.00000000
1

Figure S7.6. 1H NMR spectrum of 1-tetradecanethiol after purification by column
chromatography.
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2.5472
2.5222
2.4983
2.4734
1.6432
1.6212
1.5965
1.5723
1.3827
1.3786
1.3533
1.3513
1.3431
1.3331
1.3247
1.3173
1.2915
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1-pentadecanethiol (purified)
December 14, 2011
Checking cleaned C15SH in CDCl3
1H
Bruker 300 Ultrashield

c
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K
sec
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ppm
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20.9334
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e
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7.5

b
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5
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spect
5 mm PABBO BBzg30
16384
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1.00000000
1
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Figure S7.7. 1H NMR spectrum of 1-pentadecanethiol after purification by column
chromatography.
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Chapter 8

Electronic Properties of
Diphenyldithiophosphinic Acid SelfAssembled Monolayers

264

Electronic Properties of Diphenyldithiophosphinic
Acid Self-Assembled Monolayers

8.1. Introduction
This work presents the formation and characterization of new self-assembled
monolayers (SAMs) on gold formed from diphenyldithiophopshinic acid (Ph2DTPA)
adsorbate molecules (Scheme 8.1a). We have previously reported the detailed
characterization of dialkyl-DTPA SAMs on gold, with particular focus on the influence
on substrate morphology on head group binding and alkyl chain organization.1,2 In this
work, we shift focus to study the electrical properties of Ph2DTPA SAMs within metalSAM//Ga2O3/EGaIn molecular tunnel junctions. Specifically, we assess the influence of
DTPA head group chelation on charge transport properties of the SAM by measuring the
current densities through Ph2DTPA SAMs and comparing them to those of SAMs formed
from a monodentate analogue, thiophenol (PhSH, Scheme 8.1b).
Research in the field of SAM-based molecular electronics has grown drastically over
the past 10 years, with much of the research effort focusing on the development of
reliable protocols for fabricating and characterizing molecular junctions using simple
model systems.3-5 n-Alkanethiolate SAMs have emerged as an ideal candidate for these
model systems due to the extensive literature detailing their formation, structure, and
kinetic and thermodynamic properties.6 Although n-alkanethiolate SAMs are well
understood systems that are appropriate for fundamental molecular electronics research,
their potential inclusion into real devices is severely inhibited by two major factors
associated with the metal-thiolate bond: First, the sulfur 3p orbitals involved in the metalthiolate bond are localized, restricting charge transport through the molecule.7,8 Second, a
low energy barrier to molecular diffusion and desorption causes poor stability and could
limit the lifetime of such a device.
Owing to the aforementioned limitations of n-alkanethiolates, many researchers have
begun exploring alternative adsorbate molecules for use in SAM-based molecular
junctions. Adsorbates that chelate to the gold surface are particularly interesting
candidates for molecular junctions due to the increased thermal and chemical stability
associated with multi-dentate binding, as well as the potential for these head groups to
strongly couple to the electrode surface through delocalized bonding motifs.9 A study by
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von Wrochem et al. investigated the use of a dithiocarbamate (DTC) head group within a
SAM-based molecular junction.9 SAMs formed from terphenyl-DTC adsorbate molecules
exhibited chelation of the head group to the gold surface, improving thermal stability, as
well as strong coupling between the metal electrode and the delocalized terphenyl
backbone, resulting in a high density of states near the Fermi level of the metal. Within a
Hg drop molecular junction, the strong coupling of the metal surface to the terphenylDTC adsorbate molecule led to current densities that were ~ 2 orders of magnitude higher
than a non-chelating analogue (terphenylthiol). Similar studies, both experimental and
theoretical in nature, also show that chelation of conjugated dithiocarboxylic acid
(DTCA) adsorbate molecules to the gold surface improves metal-molecule coupling and
reduces the charge injection barrier compared to non-chelating analogues within a
molecular junction.10,11
Our recent work has focused on SAMs on gold formed from another class of chelating
adsorbate molecules, dithiophosphinic acids (DTPAs).1,2,12,13 DTPAs exhibit a unique
substrate morphology-dependant head group binding: SAMs formed on rough, AsDeposited (As-Dep) gold demonstrate a mixture of monodentate and bidentate binding
modes, while SAMs formed on smooth template-stripped (TS) gold exhibit strictly
bidentate binding. DTPAs are interesting candidates for use in SAM-based molecular
electronics for two reasons: First, chelation of the DTPA head group has been shown to
increase SAM stability, and may also improve the coupling of the adsorbate molecules to
the underlying gold surface. Second, the DTPA synthetic pathway allows for the
introduction of various pendant groups which may be used to control the charge transport
properties of the resulting SAM-based molecular junctions.
This work presents the first study detailing the electrical properties of SAMs on gold
formed from DTPA adsorbate molecules. We chose to study SAMs formed from a DTPA
derivative with two phenyl groups, Ph2DTPA, to allow us to determine the ability of the
head group to act as an electronic coupling agent between the gold surface and the
pendant groups of the molecule. We show that Ph2DTPA adsorbate molecules form stable
SAMS on TS gold, exhibit a completely bidentate binding motif, have phenyl group
organization similar to SAMs formed from analogous monodentate adsorbate molecules
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(PhSH), and provide little resistance to the diffusion of an ionic redox probe – aqueous
solutions of K4Fe(CN)6 and K3Fe(CN)6 – to the underlying gold substrate. Furthermore,
we show that within a metal-SAM//Ga2O3/EGaIn molecular tunnel junction, current
densities through Ph2DTPA SAMs are, unexpectedly, ~3 orders of magnitude lower than
through SAMs formed from analogous monodentate adsorbate molecules (PhSH). We
present a computational investigation which suggests that the phosphorus atom present in
the DTPA head group decouples the aromatic pendant groups from the gold substrate,
resulting in the lower than expected current densities.
Scheme 8.1. Ph2DTPA (a) and PhSH (b) adsorbate molecules shown bound to a gold
surface.
a)

b)
b)

R

R

Au

Au

8.2. Experimental Section
All chemicals were purchased commercially and used as received. Nuclear magnetic
resonance (NMR) spectroscopic data were obtained and recorded on a Bruker Avance
300 MHz Ultrashield spectrometer at room temperature and reported in ppm.
spectra were referenced externally to 85% H3PO4 ( = 0 ppm).

1

31

P NMR

H NMR spectra were

referenced to residual proton peaks of CDCl3 ( = 7.27 ppm). Diphenyldithiophosphinic
acid (Ph2DTPA) (Alfa Aesar) was purified by recrystallization from anhydrous ethanol
prior to use, and purity was periodically checked by 1H and 31P NMR.
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8.2.1. Gold Substrate Preparation
Template-stripped gold films were prepared according to published procedures.14 400
nm of gold was deposited onto silicon wafers, then a small drop (5 - 10 μL) of Norland
Optical Adhesive 83-H was applied to the gold surface followed by a 1 cm x 1 cm glass
substrate. After curing the adhesive using a 100 W UV lamp for 10 minutes the glass
slide was stripped from the silicon wafer using a scalpel. Template-stripped gold films
were used immediately after their fabrication to form SAMs to minimize surface
contamination.

8.2.2. SAM Formation
Prior to SAM formation, diphenyldithiophosphinic acid (Alfa Aesar) was purified by
recrystallization from ethanol. Thiophenol (Sigma Aldrich, > 99% purity) was used as
received. 1 cm x 1 cm TS gold substrates were immersed into a 1 mM Ph2DTPA or PhSH
solution in anhydrous toluene for 3 hours. Substrates were then removed from solution,
rinsed with anhydrous toluene and dried under a stream of nitrogen prior to use.

8.2.3. X-Ray Photoelectron Spectroscopy (XPS)
XPS spectra were collected at Surface Science Western (London, Ontario, Canada)
using a Kratos Axis Nova X-ray photoelectron spectrometer with a monochromatic Al Kα
source. The detection limit of the instrument is 0.1 – 0.5 atomic percent. Both survey
scan and high resolution analyses were carried out over a 300 μm x 700 μm scan area.
Survey scan analyses were carried out with a pass energy of 160 eV, and high resolution
analyses were carried out with a pass energy of 20 eV. Samples were analyzed at a 30
degree take-off angle (60 degree tilt). High resolution sulfur line shapes were fit using
one pair of spin-orbit-split components (2p3/2 and 2p1/2) assuming a Gaussian:Lorentzian
(70%:30%) line shape and a fixed splitting energy of 1.18 eV with a 2:1 area ratio.15
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8.2.4. Contact Angle Goniometry
Advancing water contact angles of Ph2DTPA SAMs were measured with a Ramé-Hart
contact angle goniometer equipped with a microlitre syringe and a tilting stage. At least
three drops from each of three samples were averaged.

8.2.5. Electrochemical Impedance Spectroscopy (EIS)
EIS spectra were collected using a BAS-Zahner IM6 ex impedance unit. A glass cell
equipped with a calomel/saturated KCl reference electrode and a 1.0 mm Pt wire counter
electrode was clamped to the working electrode, a 0.95-cm2 area of the SAM on gold, and
then filled with an aqueous solution of 1mM K3Fe(CN)6, 1mM K4Fe(CN)6·3H2O and 10
mM Na2SO4. The measurements were made at an open circuit potential set at 450 mV
with a 5 mV ac perturbation that was controlled from 5.0×10-2 to 2.0×105 Hz.

SAM

resistance and capacitance values were normalized to the area of the working electrode.

8.2.6. Electrical Characterization of Ph2DTPA SAMs
Electrical characterization was performed using a home-made molecular tunnel
junction characterization system. The conical shaped EGaIn (Aldrich) top electrode was
fabricated by extruding a small drop (~ 0.5 L) of EGaIn from a 10 L gas tight syringe
(Hamilton Scientific LLC), bringing the drop into contact with a sacrificial AuTS substrate
using a micropositioner (Newport Corp.), and bifurcating the EGaIn drop into a conical
shape by slowly removing the syringe from the sacrificial substrate. A test lead equipped
with a micro hook (E-Z Hook) was used to make electrical connection to the syringe
needle bearing the conical EGaIn tip. The gold substrate served as the ground electrode
by means of a second micro hook test lead that penetrated the SAM and contacted the
gold directly. A triaxial cable connected both electrodes to an external amplifier, which
was connected to a Keithley 6430 source meter. Molecular tunnel junctions were formed
by slowly bringing the conical EGaIn tip into gentle contact with its own reflection in the
SAM bearing gold substrate as imaged by a high resolution analytical CCD camera
(Edmund Optics). The source meter applied a bias across the molecular tunnel junction
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and measured the resulting current, with a single scan being defined as a bias sweep from
0 V  -0.5 V  +0.5 V  0 V. Current densities were calculated assuming a circular
contact area, with the diameter of the junction measured using the high magnification
CCD camera. After establishing contact between the EGaIn top electrode and the SAM,
the presence of a molecular tunnel junction was confirmed by measuring a single J(V)
trace. A working junction was defined as a sigmoidally shaped J(V) trace, while a short
circuit was defined as a straight line in which the current reached the compliance of the
source meter (105 mA). After establishing a working tunnel junction with the first J(V)
trace, 20 subsequent J(V) traces were measured from the same area. 25 randomly sampled
tunnel junctions totaling 525 J(V) traces were measured for both PhSH and Ph2DTPA
SAMs. The non-shorting junction yield is defined as the number of junctions that short
circuit divided by the total number of junctions sampled, after the first working junction
(21 J(V) traces) of that particular sample has been established.

8.2.7. Density Functional Theory (DFT) Calculations
All density functional theory (DFT) calculations were performed using the B3PW91
method implemented in the Gaussian 09 program suite16 using the SHARCNET highperformance computing network (www.sharcnet.ca). Where applicable, the Stuttgart
group (SDD) effective core potentials17,18 (ECP) and corresponding basis sets were used
for gold atoms and the 6-31+G(d) basis set was used for all lighter atoms in all
calculations. Natural bond order (NBO) analyses to determine orbital contributions,19
Wiberg Bond Indices and HOMO/LUMO energies were obtained using the NBO routine
included in the Gaussian distributions.

All stationary points were confirmed to be

minima exhibiting no imaginary frequencies. Molecular orbital pictures and electrostatic
potential plots were calculated using Molden.20 Molecular orbital diagrams were
generated using POV-Ray for Windows.21
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8.3. Results and Discussion
8.3.1. Gold Substrate Fabrication and SAM Formation
We fabricated TS gold substrates by e-beam evaporation of 400 nm of gold onto a
silicon wafer followed by adhering of a 1 cm x 1 cm glass slide using an optical
adhesive.14 Upon curing the adhesive, we removed the glass slide using a scalpel to
expose the smooth underside of the film. We formed SAMs of Ph2DTPA and PhSH by
immersing 1 cm x 1 cm TS gold substrates into a 1 mM solution of these adsorbates in
toluene for 24 hours (for XPS, contact angle, and EIS) or 3 hours (for electrical
characterization). We used a shorter immersion time to form SAMs for use in electrical
characterization to minimize exposure of the optical adhesive to toluene, which could
potentially lead to swelling of the film and leaching of unwanted contaminants into
solution.

8.3.2. Ph2DTPA Head Group Binding
X-ray photoelectron spectroscopy (XPS) confirmed the presence of elements consistent
with Ph2DTPA SAM formation, and high resolution XPS (HR-XPS) of the sulfur 2p
region (Figure 8.1) confirmed that the DTPA head group of all Ph2DTPA adsorbates is
chelated to the gold surface. XPS survey scans of Ph2DTPA SAMs formed on TS gold
(Figure S8.1) showed characteristic binding energies of gold, as well as the elements
comprising the Ph2DTPA adsorbates (P, S, C). Survey scans also showed the presence of
oxygen.
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Figure 8.1. HR-XPS spectra of the S 2p region of a Ph2DTPA SAM formed on TS gold.

HR-XPS of the S 2p region of a Ph2DTPA SAM formed on TS gold exhibited a simple
line shape that we fit using one pair of spin-orbit-split components (S 2p3/2 and S 2p1/2)
by assuming a Gaussian/Lorentzian (70%:30%) line shape and a splitting energy fixed at
1.18 eV.15 The fitted data show a single S 2p3/2 peak appearing at a binding energy of
161.4 eV, indicating that the sulfur atoms in the Ph2DTPA SAM are bound to the gold
substrate.22,23 There were no peaks at binding energies of 163 - 164 eV, which would
indicate the presence of sulfur atoms not interacting with gold, or at binding energies
>168 eV, which correspond to oxidized sulfur species.22,23 HR-XPS thus confirms that
Ph2DTPA SAMs on TS gold consist of solely bidentate adsorbates, consistent with our
previous studies of dialkyl-DTPA SAMs formed on TS gold.1

8.3.3. Contact Angle Measurements
We used contact angle goniometry to probe the wettability of Ph2DTPA SAMs on TS
gold.

Contact angles of short chain aromatic SAMs on gold depend on surface

composition, structure, and coverage, and therefore can be used to probe the overall
quality of the SAM.24-26 Well-ordered SAMs with a high packing density, such a long
chain n-alkanethiolates, prevent the probe liquid from sensing the underlying gold surface
resulting in high contact angles (H2O> 100°); porous or liquid-like SAMs, such as short
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chain n-alkanethiolates, present low contact angles.26 Contact angles of SAMs formed
from aromatic adsorbates also depend upon the orientation of the tail group; the
proportion of face-exposed aromatic rings at the surface strongly influences wettability.27
The simplest short-chain aromatic SAM, thiophenol (PhSH), has previously been shown
to have a contact angle that is strongly dependent upon the quality of the SAM; densely
packed PhSH SAMs prevent the probe liquid from sensing the underlying gold, leading to
increased contact angles compared to more disordered SAMs.27 Previous work has
concluded that an advancing water contact angle of ~80° is indicative of a PhSH SAM of
the highest quality.27,28 We note that SAMs formed from adsorbate molecules with a long
alkyl spacer and a phenyl tail group have much higher contact angles (> 90°), however
this is most likely due to the separation of the probe liquid from the underlying gold
substrate rather than increased packing density of the surface phenyl groups.29
Advancing water contact angles of Ph2DTPA SAMs on TS gold (76 +/- 2°) are slightly
lower than the accepted value for densely packed PhSH SAMs formed on As-Deposited
(As-Dep) gold (80°).27 Several possible reasons could explain the lower contact angle of
Ph2DTPA SAMs on TS gold: First, the probe liquid could be sensing the underlying gold
substrate. Although Ph2DTPA SAMs and PhSH SAMs have a very similar thickness
(vide infra), a higher porosity of the Ph2DTPA SAM – possibly owing to the large size
and bidentate binding motif of the DTPA head group on the gold surface – compared to
the PhSH SAM could account for this behavior. Second, the tetrahedral geometry at the
phosphorus atom of Ph2DTPA SAMs could lead to an increased proportion of faceexposed phenyl rings at the surface compared to PhSH SAMs. Finally, SAMs formed on
TS gold have previously been shown to exhibit decreased contact angle hysteresis
compared to those formed on As-Dep gold, lowering the advancing contact angle and
increasing the receding contact angle.30 Contact angle hysteresis of Ph2DTPA SAMs on
TS gold (12°) is lower than the literature values of PhSH SAMs on As-Dep gold (~20°),28
suggesting that the change in substrate morphology between the two systems may be the
cause of the variation in contact angle.
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8.3.4. Electrochemical Barrier Properties
We used EIS to investigate the resistance of Ph2DTPA SAMs to the diffusion of an
ionic redox probe – aqueous solutions of K4Fe(CN)6 and K3Fe(CN)6 – to the underlying
gold. Applying a small sinusoidal ac perturbation at frequencies ranging from 50 mHz to
20 kHz and measuring the corresponding current response yields the complex impedance
of the SAM.31 The data are represented as Bode magnitude plots (Figure 8.2 a) and
Nyquist plots (Figure 8.2b). We used a Randles equivalent circuit model – shown in
Figure 8.2a (inset) – to fit the impedance spectra, allowing us to determine the resistance
(RSAM) and capacitance (CSAM) of the SAM (Table 8.1).

We included a Warburg

impedance element (ZW) in the equivalent circuit to model any diffusion controlled
charge transfer processes. Fitting errors were less than 1% in all cases. RSAM indicates
how well the SAM impedes charge transfer. CSAM is inversely proportional to the SAM
thickness, which can be calculated using32

d

 0

[1]

C

where d is the SAM thickness in Angstroms, C is the capacitance per area in F m-2,  is
the dielectric constant of the SAM (measured for CnSH SAMs (n = 16, 18) on gold using
surface plasmon resonance (2.1)33), and 0 is the permittivity of free space (8.54  10-12 F
m-1). We note that assuming the dielectric constant of Ph2DTPA SAMs to be the same as
long-chain alkanethiolate SAMs may be a gross oversimplification; however, the value
chosen (2.1) falls within the range of dielectric constants reported for SAMs formed from
thiophenol

(0.52),

biphenylmercaptan

(4.5),

and

terphenyl

mercaptan

(4.2).27

Ellipsometric thickness measurements are required to verify the calculated thickness
values and choice of dielectric constant.
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Figure 8.2. Bode magnitude plots (a) and Nyquist plots (b) of Ph2DTPA SAMs on TS
gold. 8.2a inset: Randles circuit model used to fit raw EIS data.
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Table 8.1. Electrochemical barrier parameters of Ph2DTPA SAMs on TS gold calculated
by fitting raw EIS data using the Randles simple circuit model.

Resistance

Capacitance

Thickness

(W·cm2)

(F·cm-2)

(Å)

Ph2DTPA SAM

7.9

3.7

5.1

on TS Gold

+/- 2.1

+/- 0.4

+/- 0.5

The Nyquist plot (Figure 8.2b) shows the presence of very small diameter semi-circle
on the high frequency side – indicating a very low resistance to charge transfer – and a
45° straight line on the low frequency side, suggesting that charge transfer is primarily a
diffusion controlled process. The calculated value of RSAM (7.9 W·cm2) of Ph2DTPA
SAMs on TS gold is 1-2 orders of magnitude lower than the literature value for PhSH
SAMs on gold (360 W·cm2).34 Furthermore, the mechanism of charge transport for
Ph2DTPA SAMs (diffusion dominated) is different than PhSH SAMs (barrier
dominated). Increased porosity of the Ph2DTPA SAM compared to the PhSH SAM – a
possible consequence of head group chelation and molecular shape/size supported by
water contact angle measurements – could lead to diffusion controlled charge transfer
directly between the redox probe and the underlying gold surface, resulting in very poor
barrier properties.
Capacitance values indicate that Ph2DTPA SAMs on TS gold are ~5 Å thick, similar to
previously reported ellipsometric thicknesses of PhSH SAMs on gold (4 – 6 Å).28
Although the molecular structure indicates that Ph2DTPA SAMs should be thicker than
PhSH SAMs, the discrepancy can be explained in one of three ways: First, the phenyl
pendant groups of Ph2DTPA SAMs could be more titled with respect to the surface
normal than those of PhSH SAMs, though this is unlikely due to the rigid tetrahedral
geometry at the phosphorus atom and the restriction of freedom enforced by head group
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chelation. Second, the dielectric constant chosen to calculate the thickness of Ph2DTPA
SAMs (2.1) could be lower than the true value. Finally, the SAM thickness is calculated
as an average value measured over the entire area of the working electrode; a lower
surface coverage of the Ph2DTPA SAM compared to the PhSH SAM could result in an
artificially low average value.

8.3.5. Electrical Properties of Ph2DTPA SAMs on TS Gold
We measured the electrical properties of Ph2DTPA SAMs within a metalSAM//Ga2O3/EGaIn molecular tunnel junction. We have speculated in previous work that
the chelation of the DTPA head group to the TS gold surface would improve the metalmolecule coupling, leading to a decreased barrier to charge transport.1 Here, we directly
assess this behavior by comparing the current density through Ph2DTPA SAMs on TS
gold SAMs formed from thiophenol adsorbate molecules – a monodentate analogue.
We formed Au-SAM//Ga2O3/EGaIn junctions according to previously published
procedures.3 We brought a conical-shaped EGaIn tip into contact with the surface of the
SAM-bearing gold substrate and measured the contact area using a high magnification
analytical CCD camera. We measured 525 J(V) traces for both Ph2DTPA and PhSH
SAMS on TS gold. We randomly sampled these J(V) traces from a minimum of 25
junctions on the SAM-bearing substrate. We measured a maximum of 5 junctions before
fabricating a new EGaIn tip. We collected a maximum of 21 J(V) traces for each junction
using a source meter, with each trace being defined as a voltage bias sweep from 0 V  0.5 V  +0.5 V  0 V. We normalized the current measured by the source meter to the
area of the junction as measured by the CCD camera. We define a failed junction or
‘short’ as a current measurement that reaches the compliance of the source meter (105
mA) due to penetration of the EGaIn tip through the SAM to the underlying gold
substrate. We define the non-shorting yield as the percentage of working junctions after
formation of the first stable junction (21 J(V) traces without a short). Current densities of
SAM based molecular tunnel junctions are known to be log-normally distributed.5 As
such, we performed all statistical analysis using log J rather than J. As a convention, we
report all measurements of log J at a bias of -0.5 V to provide comparison to previously
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published literature; however, we note that current densities measured at all biases could
be fit with a unimodal Gaussian distribution, and had similar standard deviation (log).
Charge transport data for Ph2DTPA and PhSH SAMs on TS gold are summarized in
Table 8.2. Average J(V) traces and histograms of charge transport measurements for
Ph2DTPA and PhSH SAMs on TS gold are shown in Figure 8.3 and Figure 8.4,
respectively.
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Table 8.2. Charge transport data of PhSH and Ph2DTPA SAMs on TS gold.

SAM

log

log

Junctions

Scans

Shorts

Yield (%)

PhSH

0.35

0.43

32

525

7

78

(Ph)2DTPA

-3.16

0.37

33

525

8

76

1.0E+01
1.0E+00

│J│ (A·cm-2)

1.0E-01
1.0E-02
1.0E-03
1.0E-04
1.0E-05
1.0E-06
1.0E-07
-0.5

-0.25
0
0.25
Applied Voltage (V)

0.5

Figure 8.3. Average J(V) traces of PhSH SAMs (blue) and Ph2DTPA SAMs (red) on TS
gold.
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Figure 8.4. Histograms and corresponding Gaussian fit of PhSH SAMs (blue) and
Ph2DTPA SAMs (blue) on TS gold.
Both PhSH and Ph2DTPA SAMs formed stable molecular tunnel junctions with nonshorting yields similar to our previously reported values for n-alkanethiolate SAMs on TS
gold. High yields indicate that both PhSH and Ph2DTPA SAMs have a high surface
coverage, preventing the EGaIn tip from directly contacting the underlying gold surface.
PhSH and Ph2DTPA SAMs demonstrated a log-normal distribution of current densities
which were fit with a unimodal Gaussian curve. From these distributions, we extracted
the parameters log – the mean of all measured values of log J after excluding shorts – and
log – the standard deviation of all measured values of log J after excluding shorts (Table
8.2). he value of log for PhSH SAMs (0.43) was similar to Ph2DTPA SAMs (0.37),
suggesting that both SAMs have a similar density of normally distributed structural
irregularities that manifest as log-normally distributed current densities. For nalkanethiolate SAMs, in which the charge transport mechanism is assumed to be strictly
non-resonant hole tunneling, normally distributed variations in the thickness of the SAM
cause changes in the tunneling barrier thickness, leading to log-normally distributed
values of J according to the Simmons equation.35 For aromatic systems, such as the PhSH
and Ph2DTPA SAMs in this study, the charge transport mechanism is likely a
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combination of coherent tunneling and activated transport,36 making it difficult to assess
the cause of the distribution of current densities within the molecular junction.
Much to our surprise, current densities through Ph2DTPA SAMs were, on average,
three orders of magnitude lower than those measured for PhSH SAMs. log for Ph2DTPA
SAMs on TS gold (-3.16) are much lower than what was expected for a short-chain,
aromatic SAM,11 and are comparable to our previously measured values for a 1decanethiolate SAM on TS gold (-3.26). Unlike previous work describing molecular
junctions formed from dithiocarbamate9 and dithiocarboxylic acid10,11 SAMs, chelation of
the DTPA head group to the gold surface did not decrease the barrier to charge transport
compared to a monodentate analogue with identical pendant groups (PhSH). We propose
two possible explanations for the low current densities through Ph2DTPA SAMs
compared to PhSH SAMs: First, the molecular packing density of Ph2DTPA SAMs may
be lower than PhSH SAMs, leading to a fewer charge transport pathways and a
consequent decrease in measured current densities. We have previously shown that
chelation of the DTPA head group for dialkyl-DTPA SAMs on TS gold leads to a
decreased molecular packing density compared to SAMs with monodentate adsorbates.1
It is unlikely that this behavior accounts for the three orders of magnitude decrease in
average current densities of Ph2DTPA SAMs compared to PhSH SAMs, supported by the
fact that contact angle measurements and the non-shorting junction yield suggest a high
molecular packing density for both of these systems. Second, the electronic structure of
Ph2DTPA SAM based junctions may lead to an increased barrier to charge transport
compared to PhSH SAM based junctions. For SAM based molecular junctions, three
parameters can influence the electronic contribution to the charge transport properties:
The thickness of the tunneling barrier – determined by the length of the molecule
separating the two electrodes, the height of the tunneling barrier – determined by the
relative positions of the HOMO and LUMO energy levels with respect to the Fermi level
of the two metal electrodes, and finally, the HOMO-LUMO gap of the adsorbate
molecule within the SAM.36,37 Electrochemical thickness measurements indicate that
Ph2DTPA SAMs and PhSH SAMs on TS gold present a similar tunneling barrier
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thickness within a molecular junction, reducing the likelihood that this is the reason for
the lower current densities through Ph2DTPA SAMs.
We performed a computational investigation to assess the HOMO-LUMO gap and the
relative positions of the HOMO and LUMO energy levels compared to the Fermi level of
the two metal electrodes for Ph2DTPA and PhSH SAMs on gold. We used individual
molecules bound to a single gold atom (bidentate binding for Ph2DTPA molecules and
monodentate binding for PhSH molecules) as a model system for the SAMs on gold. The
structures were optimized using the B3PW91 density functional theory (DFT) method
with the basis sets specified in the Experimental section; pertinent information about the
structures is presented in Table 8.3. The relative positions of the HOMO and LUMO
energy levels of the Ph2DTPA and PhSH model systems with respect to the work function
(used as an estimate for the Fermi energy levels) of the metal electrodes are shown in
Figure 8.5.
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Table 8.3. Calculated electronic properties of Ph2DTPA and PhSH model systems.

Ph2DTPA

PhSH

HOMO (eV)

-5.70

-6.36

LUMO (eV)

-2.91

-3.33

H-L Gap (eV)

2.80

3.03

Optimized Structures

HOMO

LUMO
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a)

LUMO
(-2.91 eV) EGaIn
(-4.2 eV)
Gold
(-5.1 eV) HOMO
(-5.70 eV)

b)

Gold
(-5.1 eV)

LUMO
(-3.33 eV) EGaIn
(-4.2 eV)

HOMO
(-6.36 eV)

Figure 8.5. Illustration of the HOMO and LUMO energy levels of the Ph2DTPA (a) and
PhSH (b) model systems with respect to the work function of the metal electrodes.
Results of the computational investigation provide important insight into the electronic
nature of Ph2DTPA and PhSH based molecular junctions. First, the HOMO-LUMO gap
of the Ph2DTPA (2.80 eV) and PhSH (3.03 eV) model systems are very similar, differing
by only 0.23 eV, and are both much lower than previously reported values for nalkanethiolate SAMs on gold (8 – 10 eV). Small HOMO-LUMO energy gaps suggest
delocalization within the system and favor activated transport mechanisms over nonresonant, coherent tunneling. Second, the position of the HOMO and LUMO energy
levels with respect the work functions of the metal electrodes are different for the two
systems. For the Ph2DTPA system, the work functions of the metal electrodes reside more
closely to the HOMO (energy gaps of 0.6 eV and 1.5 eV for gold and EGaIn,
respectively) than the LUMO (energy gaps of 2.19 eV and 1.29 eV for gold and EGaIn
respectively), suggesting that hole transport is the more likely charge transfer mechanism.
For the PhSH system, the work functions of the metal electrodes reside more closely to
the LUMO (energy gaps of 1.77 eV and 0.87 eV for gold and EGaIn, respectively) than
the HOMO (energy gaps of 1.26 eV and 2.16 eV for gold and EGaIn respectively),
suggesting that electron transport is the more likely charge transfer mechanism. The
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barriers to hole transport for the Ph2DTPA system are slightly lower than the barriers to
electron transport for the PhSH system, suggesting that the probability of charge transport
should be greater for Ph2DTPA SAMs. This result indicates that the position of the
HOMO and LUMO energy levels are not responsible for the observed decrease in current
densities through Ph2DTPA SAMs compared to PhSH SAMs. It is important to note that
these barriers to charge transport are calculated assuming that the work function of the
gold electrode is not affected by the formation of the SAM, which is very unlikely. Due to
this uncertainty, the effect of the relative energy level positions on the charge transport
properties of the SAMs should be considered estimates at best. Finally, the contribution
from the aromatic pendant groups to the frontier orbitals of each system are very
different. The Ph2DTPA model shows almost no contribution from the phenyl groups to
the HOMO and LUMO energy levels of the system – indicating that they are decoupled
from the gold surface – while the PhSH system shows significant contribution from the
phenyl group to both the HOMO and LUMO energy levels of the system – indicating
strong coupling to the gold surface. These results are consistent with previous work by
Kornilovitch et al that presented a theoretical study of the distance through which an
aromatic ring can remain coupled to a metal surface through a thiolate bond; strong
coupling is observed when the thiol group is attached directly to the benzene ring (as is
the case for PhSH) due to overlap between the lone pair of electrons in the sulfur p orbital
and the pi electrons of the phenyl ring.38 However, introducing a two-carbon methylene
spacer between the thiol group and the phenyl ring provides enough separation to prevent
this overlap, resulting in a drastic decrease in the observed coupling. We speculate that
the phosphorus atom present in the DTPA head group acts as a spacer which decouples
the phenyl rings from the gold-thiolate interface.
Taken together, these results indicate that charge transport for the PhSH system occurs
via electron transfer from one metal electrode to the other through resonant charge
hopping across the LUMO of the molecule. Resonant charge hopping is a much more
favorable process than non-resonant tunneling, resulting in high current densities through
PhSH SAMs. Charge transport for the Ph2DTPA system occurs via hole transfer from
one metal electrode to the other through the HOMO of the molecule; however, the phenyl
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groups do not contribute to the HOMO, resulting in the formation of a non-resonant
tunneling barrier between the DTPA head group and the EGaIn top electrode. The
presence of a non-resonant tunneling barrier decreases the likelihood of charge transport,
resulting in low current densities through Ph2DTPA SAMs. In summary, coupling of the
aromatic pendant group to the electrode surface leads to high current densities through
PhSH SAMs on gold, while decoupling of the aromatic pendant groups from the
electrode surface leads to low current densities through Ph2DTPA SAMs on gold.

8.4. Conclusions
The work presents the formation and characterization of SAMs on gold formed from
Ph2DTPA adsorbate molecules. These adsorbate molecules chelate to the underlying gold
surface, and contact angle results suggest that the orientation and packing density of the
phenyl groups are similar to SAMs formed from a monodentate analogue, PhSH. Despite
these similarities, Ph2DTPA and PhSH SAMs have very different electrical properties
within a molecular junction; current densities through PhSH SAMs are ~3 orders of
magnitude higher than those through Ph2DTPA SAMs. A computational study suggests
that the presence of the phosphorus atom in the DTPA head group decouples the phenyl
pendant groups from the substrate surface in Ph2DTPA SAMs, resulting in a higher
barrier to charge transport compared to PhSH SAMs.
Although this computational study suggests a possible explanation for the much lower
current densities through Ph2DTPA SAMs on gold compared to PhSH SAMs on gold,
several assumptions and simplifications may cause error in the calculated parameters.
First, the models used in the calculation are isolated systems and ignore the contribution
of neighboring molecules to molecular geometry. Second, a single gold atom is used to
represent the gold (111) surface and may not accurately reflect the contribution of the
substrate to the electronic and geometric properties of the bound molecule. Third,
choosing to represent the Fermi energy levels of the metal electrodes with the
corresponding work functions ignores any change in work function caused by formation
of the SAM. Finally, it is assumed that charge transport occurs only through the frontier
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orbitals (HOMO and LUMO), ignoring potential contribution from other orbitals in the
system.
This study could be improved by incorporating the use of ultraviolet photoelectron
spectroscopy (UPS)39 and Kelvin probe microscopy40 to directly measure the position of
the frontier orbital energy levels and the work function of the SAM-coated electrode,
respectively. A more in-depth computational study in which the systems are expanded to
include multiple adsorbate molecules and multiple gold atoms to represent the gold (111)
surface would provide a more accurate representation of the electronic nature of these
molecular junctions.9 Comparing the density of states of the adsorbate molecules to those
of the underlying gold substrate would include the contribution of all orbitals to the
charge transfer process, rather than strictly the frontier orbitals.9 We are currently
pursuing many of these options to verify the proposed model explaining the electronic
properties of Ph2DTPA SAMs.
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8.6. Supporting Information
PH2DTPA

3
x10
3
x 10

8080

Pos. (eV) At.%

4f

Name
Name
O 1s
O 1s
C 1s
C 1s
S 2p
P 2p
S 2p
Au 4f
P 2p
Au 4f

Pos. FWHM Area
At%
531.25
1.98
288.0
531.25
1.7 1.7
283.45 2.28
2873.8 48.5
283.45
48.5 1.4
160.25
1.55
198.6
128.05
3.73
287.4
160.25
1.4 2.8
82.55 1.86 60838.2 45.6

128.05
82.55

Au4f
Au

9090

2.8
45.6

7070

50

50

4d- 4dAuAu
Au 4d

Au 4d

CPS

40

2s
2s
S 2p
S 2p
P 2p
P 2p
P
P 2s

1s
CC

1s

O 1s

O 1s

2020

4p- 4pAu
Au

O KLL
O KLL

4s
AuAu

4s

3030

4p
Au Au

4p

40

S
S 2s

CPS

6060

1010

1000

1000

800

800

600

Bi ndi ng Energy (eV)
600

400

400

200

200

0

0

Surface Science W es tern

Binding Energy (eV)

Figure S8.1. XPS survey scan of a Ph2DTPA SAM formed on TS gold.
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9.1. Conclusions
The research described throughout this dissertation spans across several fields of study,
with one unifying theme: Many materials science problems can be solved by the careful
manipulation of surfaces and interfaces. Though many of the challenges addressed in this
dissertation may be seemingly unrelated, solving these problems was always done by
asking the same questions: What is the nature of the surface, and how can it be
manipulated to provide a solution? With this logic in mind, any new or exciting materials
science challenge that arose was accepted, regardless of whether or not it fit into a preexisting framework. Outlined below for each chapter is a summary of the challenges that
emerged over the course of this research, and the solutions that make up this dissertation.
The notion of low-cost, polymer and organic based electronic devices is exciting for a
variety of reasons. These devices can be made to be light-weight, portable, and more
compatible with the human body; polymers and organic materials can be made flexible or
stretchable, providing a much more intimate form factor. Another advantage of these
types of devices is that they are comprised of materials that are far less expensive than
their inorganic counterparts. Despite the availability of low-cost materials, many
researchers continue to integrate high-cost deposition and patterning techniques into
device fabrication. Realizing practical, low-cost polymer based electronics requires
finding alternatives to these techniques that are both economical, and compatible with the
flexible and stretchable nature of polymer substrates. Our research group has been
interested in developing low-cost device fabrication alternatives for the past five years. In
2008, we published a manuscript detailing a procedure for the selective electroless
metallization of the most commonly used elastomer, polydimethylsiloxane (PDMS).1
This work specifically focused on modifying the surface chemistry of PDMS to enable
metallization and patterning of copper on the polymer substrate. Our metallization
scheme was very successful in generating stretchable metal circuitry onto PDMS
substrates, however we soon began brainstorming a more general scheme that could be
applied to all of the polymer substrates that are commonly used for electronic devices.
Although each of these polymers has a different chemical structure, simple surface
oxidation provided a common platform upon which we could work. This common surface
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chemistry provided a route for selective electroless metallization through the binding of
an aluminum (III) porphyrin complex. Patterning this complex onto the polymer surface
using microcontact printing activated those areas for selective metal deposition, leading
to highly resilient copper circuitry that can be deposited onto numerous polymer
substrates. This process is fast, low-cost, and compatible with roll-to-roll processing, all
of which are appealing characteristics for flexible electronic device fabrication. This work
was presented in Chapter 2.
Optoelectronic devices, such as displays and solar cells, are also being made using
organic materials and polymeric substrates. As we began navigating this vast field of
research, it quickly became apparent that biggest hurdle to realizing flexible or stretchable
optoelectronic devices may be the requirement of a transparent conductive electrode
(TCE) that can withstand large degrees of tensile and compressive strain. Despite the
development of active components that can tolerate strain, most flexible electronic
devices continued to use tin-doped indium oxide (ITO) as the TCE. ITO is brittle by its
very nature, and fails under even moderate (~ 2%) tensile strain,2,3 making it incompatible
with flexible electronic devices. We quickly recognized the need for a drop-in
replacement for ITO that has the following characteristics: low sheet resistance, high
transparency, low surface roughness, high durability, high resilience to strain, and a
method for applying such a coating to various polymer substrates. In Chapter 3, we
combine all of the advantageous characteristics of silver nanowire films (highly
conductive and transparent) with template-stripping – a technique we commonly use to
fabricate ultra smooth metal surfaces – to produce TCEs that fulfill all of the
aforementioned needs. The silver nanowire network is highly conductive and transparent,
while the template-stripping method produced films that are embedded into a polymer
surface; embedding the network makes these films smooth, durable, and resilient to
strain. These high performance silver nanowire TCEs are simple to fabricate and can be
applied to various polymer substrates, making them an attractive test structure for many
researchers in the field of flexible electronics. In this work, we have highlighted the
functionality of the silver nanowire films as anodes within flexible light-emitting
electrochemical cells.
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From its onset, our research group was particularly interested in the process of selfassembly. As was detailed in the introduction to this dissertation, the process of selfassembly finds roots in all areas of science and nature;4 understanding such a process
provides a great toolset for solving a myriad of different problems. Of specific interest to
us was the application of self-assembly to the fabrication of microelectronic devices; the
Moore’s law predictions – which have emerged as a driving factor for much of the work
presented in this dissertation – requires the fabrication of very small electronic
components, which may not be compatible with traditional serial assembly methods.5,6
We were troubled by the fact that most of the self-assembly methods developed to solve
these problems involved immersing the entire system in solvent, usually water;
electronics are not compatible with water by their very nature. We approached this
problem by taking a well-understood assembly method – templated assembly – and
modified the surface properties of the template to create a system that operated under dry
conditions. This work, presented in Chapter 4, not only eliminated the need for solvent,
but also opened the door to multi-component assembly and fine control over the geometry
and spacing of the assembled structures.
Another area of significant interest within our research group is the study of new selfassembled monolayers (SAMs) with application in materials science. My colleague, Dr.
Ronan San Juan, has undertaken an impressive and comprehensive study of a new class
of adsorbate molecules which bear a dithiophosphinic acid (DTPA) head group.7,8 This
molecule was of particular interest to us because of the potential for the head group to
chelate to a gold surface; chelation not only opens the door to loosely-packed SAMs, but
the resonance generated between the sulfur atoms also makes this molecule a candidate
for use in molecular electronic devices. After preliminary analysis, we were surprised to
find that dialkyl-DTPA molecules did not always chelate; 40% of adsorbate molecules in
the SAM were bound to the surface in a monodentate fashion. Exhaustive investigation
led us to the hypothesis that the disruption of chelation was a result of the roughness and
morphology of the underlying As-Deposited (As-Dep) gold substrate; atomic step-edges
associated with the grain boundaries typical of polycrystalline gold films could prevent
both sulfur atoms from binding to the surface. Chapter 5 details this investigation, with
particular focus on the role of substrate morphology in controlling the binding of
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dihexadecyl-DTPA molecules, and the subsequent impact on the SAM structure. In
summary, we were able to enforce chelation by modifying the morphology of the gold
substrate; eliminating step-edge defects by using ultra smooth template-stripped gold
films for SAM formation resulted in 100% bidentate binding of the DTPA molecules.
Changing the way in which the DTPA head group binds to the gold surface also had
significant impact on the structure of the SAM. On As-Dep gold, the freedom of the
monodentate adsorbates permits extensive van der Waals interactions between
neighbouring chains, resulting in a highly ordered alkyl layer. On template-stripped gold
however, the restriction on the DTPA head group enforced by chelation prevents van der
Waals interactions between chains, leading to an alkyl layer that is disordered and liquidlike. Our interest in this class of molecules grew upon the realization that it is the only
known class of SAM in which the binding of the head group can be controlled by
manipulating the morphology of the underlying substrate.
In Chapter 6, we continued our investigation into the influence of chelation on the
binding and structure of dialkyl-DTPA SAMs. After confirming that substrate
morphology was the primary influence on the ability of dihexadecyl-DTPA molecules to
chelate to the gold surface, we set out to determine if this head group binding
phenomenon was consistent across DPTA adosorbates with different alkyl chain lengths.
We formed and characterized dialkyl-DTPA SAMs with different alkyl chain lengths
(hexyl, decyl, dodecyl, tetradecyl, hexadecyl) on template-stripped gold and determined
that these adsorbate molecules chelate to the gold surface independently of steric effects.
More interestingly, we were surprised to find that the relationship between SAM structure
and alkyl chain length for these molecules is quite unusual compared to well known nalkanethiolate SAMs, and dialkyl-DTPA SAMs on As-Dep gold; SAMS formed from
short chain DTPA adsorbates have a high molecular packing density and crystalline
organic layer, while SAMs formed from long chain adsorbates have a low molecular
packing density and liquid-like organic layer. The work presented in Chapter 5 and
Chapter 6 reveals that four primary factors determine the structure of dialkyl-DTPA
SAMs formed on TS gold: (i) adsorbate-substrate interactions; (ii) gold substrate
morphology; (iii) lateral van der Waals interactions between alkyl groups; and (iv) steric
demands of the alkyl groups; the first two factors are independent of the length of the
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alkyl chain. Importantly, this work highlights the fact that the simple model used to
describe the structure of n-alkanethiolate SAMs – which considers only the adsorbatesubstrate interaction and intermolecular van der Waals interaction – does not apply to
systems which bear more complex adsorbate molecules. There is currently a shift in focus
amongst researchers in this field away from simple n-alkanethiolates towards more
complex systems with exciting applications and possibilities; our work is a reminder that
these systems will require a deep understanding of the factors influencing selforganization before new design rules can be developed and implemented.
The work presented in Chapter 7 began with a simple objective: to fabricate ultra
smooth gold substrates using chemical mechanical polishing (CMP) – a well known
semiconductor fabrication method. Although developing a process capable of achieving
this goal took a significant amount of time and effort, the number of applications for these
substrates grew alongside the evolution of our research. Our interest in SAM-based
molecular electronics was the key motivating factor for developing new, ultra smooth
gold substrates. Gold substrate morphology plays a key role in any SAM-based molecular
junction; rough surfaces cause misalignment between neighbouring molecules that can
lead to a high degree of variability in the measured charge transport properties.9,10 Not
surprisingly, the nature of molecular electronic devices make them very sensitive to
environmental conditions, which is why were surprised to learn that the substrates most
commonly used to form molecular junctions contain contaminants that could potentially
interfere with SAM formation. Template-stripped metal films – the same ultra smooth
substrates used in our study of DTPA molecules – are fabricated using photocurable
adhesives that contain thiol precursors; any unreacted thiol in the adhesive can act as a
competitive adsorbate during SAM formation. Furthermore, these adhesives are often
incompatible with common laboratory solvents, severely limiting the versatility of
template-stripped films in studying new classes of molecules. After learning of these
limitations, we began realizing that CMP could be used to fabricate ultra smooth gold
substrates that have all the beneficial characteristics of template-stripped films, while
eliminating all of the drawbacks. We fabricated polished gold films that are i) ultra
smooth, with an average root mean squared (RMS) surface roughness value of 3.8 Å, ii)
uniform, having within-wafer and wafer-to-wafer non-uniformities < 17%, and iii) free
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from adhesive. We showcased these substrates by forming and measuring a series of nalkanethiolate SAM-based molecular junctions on polished gold surfaces. The charge
transport properties of these systems were indistinguishable from those formed on
template-stripped gold, however eliminating the adhesive significantly increased junction
yields. By removing the limitations imposed by using template-stripped substrates, this
work opens the door to the study of new SAM-based molecular electronic systems. This
work has provided the materials science community with a new type of ultra smooth gold
substrate; the number of potential applications for these substrates will continue to grow
as more light is shed on the importance of substrate morphology in all areas of
nanoscience.
The work presented in Chapter 8 provides a first look into the charge transport
properties of SAMs formed from DTPA adsorbate molecules. Throughout our research
on dialkyl-DTPA SAMs, we have suggested that chelation of the DTPA head group to the
underlying gold substrate should present a resonant, low-barrier pathway for charge
transport within SAM-based molecular junctions. We tested this hypothesis by forming
and characterizing new SAMs formed from diphenyl-DTPA (Ph2DTPA) adsorbate
molecules

and

measuring

the

charge

transport

properties

within

metal-

SAM//Ga2O3/EGaIn molecular tunnel junctions. To our surprise, current densities
through Ph2DTPA SAMs on template-stripped gold were three orders of magnitude lower
than SAMs formed from monodentate adsorbate analogue thiophenol (PhSH). A
computational study revealed the origins of the unexpected discrepancy in charge
transport properties between these two systems: the phosphorus atom, present in the
DTPA head group and not the analogous thiol, decouples the phenyl pendant groups from
the underlying gold for Ph2DTPA SAMs, presenting a resistive, non-resonant tunneling
barrier. Although we believe that more in-depth calculations and experimentation will be
required to confirm our hypothesis, this work again cautions against applying structural
and electronic design rules across systems with different classes of adsorbate molecules.
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9.2. Outlook
As is often the case, much of the work described throughout this dissertation has raised
as many questions as it has answered. Many of these projects have now evolved beyond
their initial objectives into new and exciting areas of research, a few of which are briefly
outlined below:

9.2.1. Stretchable Electronics
Much of the work described in Chapters 2 and 3 of this dissertation focused on
developing low-cost methods for fabricating metal circuitry and transparent conductive
electrodes for flexible electronic devices. A question that remains unanswered is whether
or not the processes we used to develop flexible electronic components can also produce
stretchable electronic components. Stretchable electronics is currently one of the most
popular fields of study in materials science, with many researchers racing to fabricate
displays, solar cells, and sensors that can conform to the contours of the human body. A
current focus in our research group is applying the knowledge and insight gained during
our previous studies on flexible substrates to our new work on stretchable substrates.
Although this often involves incorporating new materials into the stretchable
components, many of the same ideas and processes still apply.

9.2.2. Molecular Junctions Formed from DTPA SAMs
The work presented in this dissertation has comprehensively detailed the factors that
influence the structure and self-organization of dialkyl-DTPA SAMs on template-stripped
gold. The focus of this work is now shifting away from structural characterization, and
towards electronic characterization of these SAMs. Although Chapter 9 provided initial
insight into the electronic properties of the DTPA head group, we have now begun a more
exhaustive study detailing the charge transport properties of DTPA SAMs formed from
adsorbates with a variety of different pendant groups including symmetrical alkyl chains,
unsymmetrical alkyl chains, and unsymmetrical alkyl/aromatic groups. We plan to use a
new toolset – including in-depth computational studies, Kelvin probe microscopy, and
ultraviolet photoelectron spectroscopy – to further our understanding of these complex
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electronic systems. We believe these studies will contribute to the growing body of
fundamental research in the field of SAM-based molecular electronics.

9.2.3. New Applications of CMP
CMP has proven to be an invaluable tool for fabricating adhesive-free, ultra smooth
gold substrates. We intend to explore other non-obvious materials science applications of
CMP including: 1) The fabrication of continuous, ultra thin metal films for use as
transparent conductive electrodes. Thin metal films have previously been studied as
TCEs, however they suffer from poor transparency due to limitations imposed by physical
vapour deposition.11 During the evaporation process, coalescence of the individual grains
to form a continuous, conductive film doesn’t occur until a substantial amount of material
has been deposited, reducing the transparency. We intend to use CMP to polish these
thick, continuous films down a level at which they become highly transparent, yet remain
highly conductive. 2) Creating ultra smooth metal films that bear an overlayer with a
different elemental chemistry; changing the elemental composition at the outermost layer
of the surface opens the door to new surface modification chemistry, while maintaining
all of the bulk properties of underlying metal film. In practice, this would permit the
formation of SAMs formed from new types of adsorbate molecules (non thiol-based) onto
coinage metal substrates, with potential implications in molecular electronics.
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